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ABSTRACT
A variety of aldonltrones for spin-trapping investigations have 
been synthesized, purified, and characterized. The alicyclic 5-member 
ring nitrones 5,5-dimethy1-1-pyrroline-N-oxide (DMPO) and 3,3,5,5- 
tetramethy1-1-pyrroline-N-oxide (TMPO) and its long-chain derivatives 
were prepared in 3 or 4 steps. The reaction steps involved a Michael 
addition to yield the y-nitrocarbonyl compound, subsequent mild 
reduction with zinc and aqueous ammonium chloride to yield the cyclic 
intermediate nitrone, a Grignard addition reaction to give the 
hydroxylamine, and finally copper-catalyzed aerial oxidation of the 
hydroxylamine to provide the aldonitrone. Poor overall yields were 
obtained. In contrast, the acyclic aromatic nitrone a-phenyl-N-tert- 
butyl nitrone (PBN) and its derivatives were prepared in good overall 
yields using two procedures that involved the condensation of the 
appropriate aromatic aldehyde with N-tert-butylhydroxylamine. The 
facile, one-step synthesis developed in this laboratory provided large 
quantities of PBN and some derivatives without contamination from 
starting aldehydes. This method generates the requisite hydroxylamine 
in situ (mild reduction of the nitro compound with zinc and acetic 
acid in aqueous ethanol) and thereby eliminates the need to prepare it 
separately before use.
The investigations of the radical-scavenging abilities of these 
spin traps in homogeneous solution showed that a variety of oxygen- 
and carbon-centered radicals as well as hydrogen atoms could be 
trapped and characterized by electron paramagnetic resonance (EPR)
spectroscopy as long-lived nitroxyl radicals. In heterogeneous 
micellar solution, DMPO and PBN were the best traps for surveying a 
number of radicals generated in different regions of the micelle. The 
long-chain, lipophilic derivatives of TMPO and PBN were ineffective in 
trapping radicals in micellar solution. The studies also revealed 
that the addition of bulky carbon-centered radicals to the nitrone 
function of TMPO derivatives is stereoselective and affords only one 
of the two possible geometric isomers of the resulting nitroxyl 
radical. The addition of oxygen-centered radicals, unhindered carbon- 
centered radicals, and hydrogen atoms is non-stereoselective and can 
afford both geometric isomers.
Using the spin-trapping technique, we detected no free radicals 
during photobleaching of the visual pigment rhodopsin under various 
partial pressures of oxygen. This along with other data indicates 
that photo-excited rhodopsin does not initiate retinal damage.
CHAPTER I 
INTRODUCTION
1
2INTRODUCTION
In the last fifteen years, the importance of free radicals in 
biological systems has been conclusively proven.'*' These species have 
been implicated in oxidation-reduction processes, many diseases, and 
the toxicity of numerous environmental contaminants. Owing to their 
ubiquity, the biological significance of radicals has generated a 
great deal of interest and new methods of studying them are constantly 
being sought.
One technique that allows detection and identification of
2 - 1 1radicals in biological systems is the spin-trapping technique.
This method originated in 1968 from the independent work of three
12-14
different research groups. Most radicals occurring in the
biological milieu have very short lifetimes and often cannot be 
directly studied. The concentration of radicals generally does not 
exceed 10 or 10  ^M, which is for all practical purposes the lowest 
steady-state concentration detectable with resolution by electron 
paramagnetic (or spin) resonance (EPR or ESR) spectroscopy.^ A few 
diamagnetic species will, however, rapidly react with the transient 
paramagnetic radicals to produce longer-lived radicals, which may be 
conveniently examined in solution at room temperature by EPR.
Typically, either nitroso or nitrone compounds are used as 
trapping agents (or spin traps), because the addition of a radical 
results in the formation of a stable or semi-stable nitroxyl radical 
(or nitroxide, a spin adduct).
3Nitroso Compounds
0 ‘
R-N=0 + X*  >• R-N-X
Nitrones
0 -  O ’
1+ I
R-CH=N-R' + X ’  R-CH-N-R'
X
A wide variety of these spin-trapping agents are safe to handle and 
non-mutagenic.^ The relative advantages of nitroso and nitrone spin 
traps are discussed in a review by Janzen.^ However, nitrones are 
usually preferred over nitroso compounds in spin-trapping studies. 
There are four salient reasons for this. First, nitroso compounds, 
especially aliphatic ones, are sensitive to visible light and heat and 
decompose to interfering 3-line nitroxyl radicals. Nitrones are much 
more stable to these conditions. Second, nitroso compounds exist 
predominantly as dimers which require destructive ultraviolet (UV) 
irradiation for dissociation to the active monomer form. Third, 
nitroso compounds do not form stable adducts with oxygen-centered 
radicals, in contrast to nitrones. Also, most hydrogen-atom adducts 
of nitroso compounds are unstable at ambient temperatures and 
disproportionate to the hydroxylamine derivative and the original
nitroso compound. On the other hand, oxygen-centered radical adducts
and hydrogen-atom adducts of nitrones are considerably more stable.
Finally, nitroso compounds can undergo ene-type reactions^ with
18—21
alkenes possessing allylic hydrogens. These reactions yield
allylic hydroxylamines which are readily oxidized to artifactual 
nitroxides. The last two considerations make nitroso compounds poor 
traps for biological studies because of the prevalence of 
polyunsaturated fatty acids and oxygen in tissues.
The identity, and under optimum circumstances the relative 
concentration of the transient radical, can be inferred from the 
spectral properties of the long-lived nitroxyl radical. These 
properties include the nuclear hyperfine splitting (or coupling) 
constants of the spin adduct, the line-widths of the EPR signals, and 
in certain cases the g-values for the adducts. Because the relatively 
stable nitroxide accumulates, spin trapping is an integrative method 
for measuring free radicals, and is inherently more sensitive than 
procedures which detect only instantaneous or steady-state levels of 
free radicals.
By judicious choice of spin traps, several radicals may be
differentiated in a particular biological reaction sequence. For
22example, Rosen and Rauckman have identified various radicals 
involved in the hepatic microsomal lipid peroxidation in rats 
stimulated by nicotinamide adenine dinucliotide phosphate (reduced 
form or NADPH). When 5,5-dimethy1-1-pyrroline-N-oxide (DMPO) was used 
as a spin trap, spin adducts from both the hydroxyl radical (H0‘) and 
the superoxide radical anion (0^  ) were observed. Furthermore, it
was apparent that the major species produced was the superoxide
radical. Ethanol-scavenging experiments revealed that the majority of
the hydroxyl adduct had evolved from the decomposition of the
initially-formed superoxide adduct, or actually the hydroperoxyl
(H00‘) adduct. In contrast to DMPO, a-(4-pyridy1-1-oxide)-N-tert-
butyl nitrone (4-POBN), which has similar properties to the widely-
used a-phenyl-N-tert-butyl nitrone (PBN), does not form stable spin
adducts with hydroxyl or superoxide radicals. Consequently, when 
22Rosen and Rauckman used 4-POBN as the spin trap, the peroxyl radical
involved in lipid peroxidation (LOO’) could be selectively trapped.
Since nitroso traps do not form stable adducts with any oxygen-
centered radicals at room temperature, their studies with 4-POBN and
2-methyl-2-nitroso-l-propanol (MNPOL, a nitroso trap) showed that
these traps could be used to differentiate lipid-derived oxvgen-
centered radicals and carbon-centered radicals (L‘) in a model
linoleic acid-lipoxygenase system. MNPOL was able to trap the
carbon-centered radicals, but only after the mixture was depleted of
oxygen. These results with MNPOL are in agreement with an earlier
23
study by DeGroot ££ _al. Finally, in the microsomal system the sole 
spin adduct formed with MNPOL was due to the hydrogen atom.
The above study illustrates that a variety of radicals is 
possible as a result of lipid peroxidation in a biological system.
This also applies to other toxic biological processes and to various 
chemical processes, such as free radical-chain reactions.
Consequently, several different spin traps are frequently employed to 
detect and characterize the many possible radicals in a reaction,
because the rates of radical addition and the specificity differ
considerably. One major advance in spin trapping has been the design
of traps that are localized within well-defined areas of a cell or
biological structure. In order to achieve this goal, spin traps
23“28soluble predominantly in the aqueous phase have been prepared.
All of the aforementioned traps are water-soluble (i.e.* DMPO, 4-POBN,
26 30 34
and MNPOL). More recently, nitrones with long alkyl chains ’
35 36
and lipid-soluble nitroso compounds ’ have been synthesized. These 
traps are solubilized in the hydrophobic regions of the system. The 
intent in the design of specific traps is to scavenge radicals from 
site specific regions of a cell or membrane.
This dissertation presents a variety of studies on nitrone spin 
traps: synthesis, characterization, radical-trapping investigations, 
and application to a biological system. For these studies a host of 
hydrophilic and hydrophobic nitrone spin traps were prepared by 
conventional methods as well as by a new method. The synthetic routes 
and characterizations are presented in Chapter II. Also included in 
this Chapter is a review on the available synthetic methods. Chapter 
III details the radical-trapping investigations of these spin traps in 
both homogeneous and heterogeneous micellar solutions. Our 
application of the spin-trapping technique to a relevant biological 
tissue, the retina, which is prone to free-radical damage, is 
presented in Chapter IV. Finally, Chapter V gives all of the 
experimental methods and details for the chemical and biochemical 
studies.
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CHAPTER II
SYNTHESIS AND CHARACTERIZATION OF NITRONES
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11
Introduction
The syntheses of the required nltrone spin traps were achieved by 
three different routes. One method provided the alicyclic 5-member 
ring nitrones in overall poor to fair yields and the other two gave 
the acyclic aromatic nitrones in overall good to very good yields.
All synthesized nitrones were purified and were characterized by 
proton nuclear magnetic resonance (*H-NMR), infrared (IR), ultraviolet 
(UV), and mass (MS) spectroscopies. For the new nitrones, elemental 
ainalysis was also performed. All data for the synthesized nitrones 
were in complete agreement with the assigned structures.
A. Alicyclic Nitrones
Synthesis
The alicyclic 5-member ring nitrones were prepared using a well- 
known procedure pioneered by Todd and co-workers^ in their initial 
work directed towards the synthesis of corrins. In their successful 
quest for the synthesis of some 1-pyrroline compounds,
1-pyrroline
12
2
Todd and co-workers formulated the conditions necessary for obtaining 
the ring substituted 1-pyrroline-N-oxide compounds (cyclic nitrones).
0-
1-pyrroline-N-oxide
These were the first monomeric non-aromatic nitrones to be reported.
They are readily prepared from y-nitrocarbonyl compounds by controlled
reduction of the nitro group to the hydroxylamino group, followed by a
spontaneous cyclization to the nitrone. Entry into the y-nitro-
carbonyl compounds is readily effected by the Michael addition of
3
nitroalkane anions to a,6-unsaturated carbonyl compounds.
RA
base Ri 0 
2
[H]
OH
R
Ro-4-NHOH
0- OH
nitrone
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The intermediate acyclic and cyclic hydroxylamine intermediates were 
not isolated.
Two particularly useful and attractive cyclic spin traps prepared 
2
by Todd and co-workers were 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) 
and 3,3,5,5-tetramethyl-l-pyrroline-N-oxide (TMPO). However, these 
workers were unaware of their radical-scavenging abilities.
0-
+
0-
DMPO TMPO
Their syntheses are illustrated in Schemes 1 and 2. For these 
compounds and two analogues of TMPO, we performed the reactions as 
stated in the literature with occasional modification. The quoted 
yields (not taken directly from the literature) were not optimized and 
are given for the purified products.
Two routes were employed in the preparation of DMPO. Route A 
(Scheme 1) proved much more feasible because it involved one less 
step. The initial Michael condensation step in route A accounted for 
the overall poor yield of the spin trap. Protection of the aldehyde 
function in path A by formation of the acetal intermediate was 
essential. The protection step ensured that reduction and 
polymerization involving the formyl function could not occur during
SCHEME 1A
c h2=ch-cho + (c h3)2ch-n o2
CsF -»■ c h2-c h2-cho
MeOH t(CH3).2N02
a /n 2 
(29%)
(CH2OH)2r (89%)
A
9-(?h2)2
c h2-c h2-ch-o
t(CH3)2N02
Zn/NH4C1
h 2o
0-10°C
0-(CH2)2
c h2-c h2-c h-6
6(c h3)2n o 2
HC1/H2° (55%) 
70°C K }
0-
DMPO
Overall yield: 14% (3 steps)
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SCHEME IB
CH2=CH-(I!-CH3 + CH3N02 
(xs)
CsF
MeOH
A/N2
(50%)
-* c h2-c h2-£-c h3 
CHo-l:h 2 n o2
Zn/NH,Cl 
EtOH/H20
0-10°C
> a
l.CH3MgBr 
«-
ether I
A/N2
I 2. NH4C1 I
OH H20 0-
(54%)
Cu 2+ / N H 3 ( 6 2 %)
Et0H/H20
0-5°C
0-
DMPO
(50%)
Overall yield: 8% (4 steps)
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SCHEME 2
(CH3)2C=CH-fc-CH3 c h3n o 2
(xs)
EtoNH
A/N2
(60%)
-*• (CH3)2C-CH2-ft-CH3
c h2-n o 2
Cu 2+/NH3
Et0H/H20
0-5°C
(48%)
Zn/NH,Cl
h 2o
0-10°C
(63%)
OH
,1. RMgBr 
ether 
A/N2 
2. NH,C1 
H20
J,
•N+
0-
TMPO and derivatives Overall yield:
(4 steps)
R = CH3 (TMPO) 9%
C7H15 (TMP0-C7) <13%
C16H33 (TMP0-C16) 5%
selective reduction of the nitro group to the hydroxylamino group. 
Deprotection of the acetal function after mild reduction of the nltro 
group with zinc and aqueous ammonium chloride at low temperatures 
followed by intramolecular cyclization provided DMPO. For route B 
protection of the ketone function was not required before the zinc 
reduction step. Methylation of the pvrroline-N-oxide compound via a 
Grignard addition reaction provided the cyclic hydroxvlamine 
intermediate upon mild acidic work-up. Copper-catalyzed, aerial 
oxidation of this intermediate yielded DMPO. A route analogous to 
Scheme IB for DMPO was used in the synthesis of TMPO and its 
derivatives (Scheme 2). The nitroketone was obtained in better yield 
in this particular Michael addition step compared to the equivalent 
step for the DMPO synthesis. The Grignard addition reactions with the 
intermediate nitrone compound followed by the aerial oxidation of the 
cyclic hydroxylamines to the final nitrone products were the key steps 
in this synthesis.
Anhydrous cesium fluoride was successfully employed (previously
unreported for this system) as the base catalyst for the preparation
of the nitroaldehyde in Scheme 1A. Consistently low yields following
purification were encountered in this process. However, due to the
simplicity of the reaction and the inexpense of the starting reagents,
this was not a serious drawback. Other bases have been shown to give
only slightly better yields under optimum conditions (see Previous
Work, p 33). This particular fluoride was chosen because it possesses
greater catalytic activity for the Michael reaction than the other
4-6alkali metal fluorides. Anhydrous methanol was an effective
solvent for this fluoride salt. No appreciable reaction occurred
while the mixture was stirred at room temperature for several days.
Short periods of heating (10-24 hours) proved about as effective as
longer times; however, prolonged periods (>3 days) reduced the yields
appreciably. The fluoride catalyst was employed because the use of
3
sodium methoxide in methanol (a reputable method) gave a copper- 
colored oil, not containing the desired nitroaldehyde, following 
distillation [bp: 112-120°C (0.1 mm)]. Analysis by both *H-NMR and IR 
showed the presence of the aldehyde function [9.78 ppm (aldehydic 
proton) and 1720 cm  ^ (carbonyl)]. However, mass spectral analysis 
revealed this compound to be a possible Aldol-condensation product 
(m/e = 201). Cesium fluoride is an even better base catalyst for the 
reaction shown in Scheme IB. The nitroketone was produced in 50% 
yield. We found that the conventional method with sodium methoxide in 
methanol also gave the nitroketone, albeit in low yield (<30%). This 
reaction was performed twice in the presence of a large excess of 
nitromethane. In the conventional method, it is important to keep the 
alkaline nitromethane mixture in excess during the reaction with the 
ketone substrate to reduce the possibility of di- and tri-alkylation 
side reactions. This was ensured by slow addition of the ketone to 
the nitromethane solution and by use of a large excess of nitro­
methane. Much greater yields were claimed in the literature.
Alderson et al.^ reported a 70% yield with sodium methoxide, although 
the nitroketone was collected over a large boiling point range (10°).
O
Shechter et al. obtained a lesser yield (51%) with Triton B (benzyl- 
trimethylammonium hydroxide) in refluxing ether as the basic medium.
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The nitroketone required for the TMPO syntheses in Scheme 2 was
obtained using diethylamine as catalyst for the reaction between
mesityl oxide and nitromethane (in large excess). The yield (60%) was
9
in excellent agreement with the reported value for this same method.
Refluxing the mixture for 48, 60, or 96 hours gave essentially the
same yield of product. Apparently, the reaction cannot be driven past
9
a certain point as observed by Kloetzel using the same procedure.
The acetal-protected aldehyde (1,3-dioxolane derivative) required
for the DMPO synthesis (Scheme 1A) was readily produced in excellent
yield by the conventional method. This involved the use of a
Dean-Stark water separator to remove the water generated in the
reaction between the nitroaldehyde and ethylene glycol. The protected
aldehyde was then mildly reduced in cold, aqueous solution to the
hydroxylamine compound with activated zinc dust and ammonium chloride.
This intermediate (not isolated) was subjected to acid hydrolysis in
order to remove the acetal-protecting group. The reactive y-hydroxyl-
aminoaldehyde spontaneously cyclized to provide a good yield of DMPO
(55%) after purification. Other workers have reported better yields
2 12(about 80%) using the same method. * Mild, selective reduction was
likewise demonstrated for the two nitroketones with subsequent
cyclization to the intermediate nitrones, as displayed in Schemes IB
and 2. These nitrones were obtained in good yields following
distillation, which compared favorably to the reported yields with the 
2 7 13same method. ’ * The appearance of the white zinc chloride or zinc 
oxide auxiliary product was indicative of reaction. Protection of the 
ketone function was not necessary prior to the reduction step.
Obviously, due to the reduced reactivities, aliphatic ketones are not
14 15subject to the side reactions observed for aliphatic aldehydes. ’ 
About 10% better yield of nitroketone was obtained in Scheme IB when 
aqueous ethanol was used instead of water as the solvent^ Two 
explanations can be given for this small improvement in yield.
Because of the high water solubility of the low molecular weight 
nitrones, a greater amount of nitrone was extracted from the more 
concentrated aqueous solution remaining after the azeotropic 
evaporation of solvent. In addition, the partial alcoholic medium 
better solubilizes the nitroketone substrate possibly facilitating its 
reduction. Although the aqueous ethanolic medium was not used in the 
preparation of the other intermediate nitrone (Scheme 2) and DMPO 
(Scheme 1A), similar enhancements in yield with this solvent would be 
expected.
An attempt was made to obtain DMPO by directly reducing the
nitroaldehyde with zinc dust and acetic acid in 95% ethanol at 0-10°C
and thereby eliminating the protection step. This approach failed as
no DMPO was collected during the distillation. High-boiling fractions
(not analyzed) were obtained along with considerable amounts of
charred residues. The alternative reducing medium was selected
because it had been successfully applied to the aromatic aldehyde
systems (see Acyclic Aromatic Nitrones, p 48). This behavior was not
2
unexpected. Todd and co-workers previously showed that direct 
reduction of this nitroaldehyde with zinc dust and ammonium chloride 
gave DMPO in low yield (27%) along with a high-boiling residue.
Similar efforts to prepare 2-methyl-l-pyrroline-N-oxide from 5-nitro-
2-pentanone (Scheme IB) met with failure. Only a very small amount of 
the expected product resulted after distillation. The majority of the 
distillate was higher-boiling fractions (not analyzed). Thus, it 
appears that acetic acid was too harsh an acid to be an effective 
reagent for the mild reductions of the nitrocarbonyl systems. 
Obviously, aqueous ammonium chloride provides a milder acidic medium 
for these reductions. These findings came as no surprise, since there 
have been several reports of deoxygenation of pvrroline-N-oxides to 
the pyrroline compounds, whether performed in situ from the ynitro- 
carbonyl systems or not (see Previous Work, p 33). However, in a very 
recent report Haire et_ al.^ obtained DMPO (94% crude and 60% pure) 
and three analogues by this more efficient procedure that we 
originally developed for the acyclic aromatic aldonitrones. Their 
published details for the DMPO synthesis were essentially identical to 
our method. In view of the results described above, it is puzzling 
that this method worked so well for these investigators. They 
speculated that TMPO and its derivatives should likewise benefit from 
the good yields and relative ease of this general procedure. We 
believe that further investigations are needed to determine the range 
of applications of this method to the various nitrocarbonyl systems.
The final cyclic nitrone compounds (Schemes IB and 2) were 
prepared in two remaining steps from the two intermediate 1-pyrroline- 
N-oxides. Reaction of each particular nitrone with the appropriate 
Grignard reagent in refluxing ether under nitrogen gave the 
corresponding hydroxylamine after treatment with ammonium chloride.
To prevent side reactions, the dry pyrroline-N-oxide compound was
added to a slight excess of the fresh Grignard solution. For the
hydroxylamines of DMPO and TMPO, commercially available ethereal
methylmagnesium bromide was employed. However, for the higher
homologues of TMPO, the Grignard reagent was prepared from the alkyl
bromide and magnesium turnings. Formation of the long-chain Grignard
reagents was slow, despite heating and scratching of the metal
surface. Initiation was finally realized by adding a small amount of
an effervescing, ethereal ethylene bromide/magnesium mixture to the
reaction. Furthermore, dimerization of the Grignard reagents to give
normal hydrocarbons (i.e., C,(H„- and C^H., and identified by MS) was
14 30 32 66
a significant side reaction which reduced the yields for the long-
chain cyclic hydroxylamines. Of course the methyl Grignard reagent
probably dimerized to a certain extent also, and reduced the yields
for the hydroxylamines of DMPO and TMPO. However, we could not see
this side reaction as in the other systems, since ethane would be the
product. The alkyl chlorides, which give less dimerized material in
Grignard reactions,^ were not explored for these syntheses because of
18the difficulty of forming the Grignard reagents.
The cyclic hydroxylamines were oxidized in good yields to the
corresponding nitrones by an aerial oxidation procedure as described
2
by Todd and co-workers. The oxidation, using molecular oxygen and a 
catalytic amount of cupric acetate solubilized with ammonia, proceeded 
smoothly. Completion of the reaction (in minutes) was noted by 
restoration of the blue color to the mixture. Due to the volatility 
of the hydroxylamines and nitrone products (excluding the TMPO-C^ 
compounds), the reactions were performed in an ice bath. Besides the
23
built-in color monitor of this oxidizing system, another advantage
included the easy work-up. This involved thorough washing of the
organic extract with an ethylenediaminetetraacetic acid (EDTA)
solution to remove all copper salts. For the four cyclic nitrones and
their corresponding hydroxylamine precursors, the DMPO and TMPO-C^
compounds were oils and the TMPO and TMPO-C^ compounds were solids.
Highly purified samples of the nitrones were critical for the spin-
trapping studies. DMPO, TMPO, and TMPO-C^ were purified by high-
vacuum distillation. TMPO was further purified by recrystallization.
However, the long-chain TMPO-C.,, could not be distilled. For thislo
nitrone the hydroxylamine must be sufficiently pure before the 
oxidation reaction to enable recrystallization of the crude, waxy 
product in the absence of contaminants carried over from the Grignard 
reaction. It was found that these dark residues could not be removed 
by treatment with charcoal. Since the other cyclic nitrones could be 
purified by distillation, it was not necessary that their 
corresponding hydroxylamines be purified.
Characterization
The structures of all intermediates leading to the final cyclic 
nitrones were identified by ^H-NMR and IR spectroscopy. Good 
agreement between the expected and actual values was shown. The 
experimental boiling points for all the intermediates also agreed 
with the literature values.
24
The spectral data presented for the cyclic nitrone spin traps 
were in excellent agreement with the assigned structures. For the new 
nitrones, TMPO-C^ and TMPO-C^, the results were in agreement with 
previous reports for the related DMPO and TMPO compounds. The 
elemental analyses of these unreported nitrones accorded well with 
the calculated values (<0.4% difference).
Y B
0-
DMPO TMPO and derivatives
Spectroscopic data obtained from ^H-NMR analysis of these
compounds were quite diagnostic of the nitronic (i.e., vinylic)
proton. Due to the nearness of the polar, electron-withdrawing NO
function, the nitronic protons were shifted further downfield
(6.80 ppm for DMPO and 6.65 ppm for TMPO and derivatives) in
19comparison to ordinary vinylic protons (V>.5 ppm) and were clearly
isolated from the remaining upfield signals. These protons appeared
as singlets, except in DMPO where the nitronic proton gave an expected 
triplet (2.5 Hz coupling). The remaining protons on the pyrroline 
ring were centered around 2 ppm. The y-ring protons of TMPO, being 
environmentally and magnetically equivalent, appeared as a singlet in 
the spectrum. However, for the TMPO-C^ and TMPO-C^g compounds, these
0-
R = CH„
C7H15
C16H33
25
protons were seen as two different doublets in accord with the
diastereotopic nature of these two ring protons. The non-equivalent
ring protons resulted from the replacement of one of the adjacent
methyl groups from TMPO with either of the long-chain alkyl groups.
These protons showed typical geminal-type coupling behavior 
21
(12-14 Hz). The two sets of methylene ring protons from DMPO 
provided two different resonances: an ill-resolved multiplet 
(2.72-2.38 ppm) for the 8-ring protons and a triplet (2.15 ppm,
J = 7.2 Hz) for the y-ring protons. Assignment of the multiplet 
signal was based on the allylic ring protons of the TMPO systems and 
the precursor nitrones of 2-methyl-l-pyrroline-N-oxide and 2,4,4-tri- 
methyl-l-pyrroline-N-oxide. Haire ,£t a^ l., ^  in a very recent report, 
were able to resolve the allylic ring protons into the expected 
doublet of triplets pattern (J = 7.2 Hz and 2.8 Hz) using a 400 MHz 
instrument. Their reported values for DMPO were in agreement with 
ours. It was interesting to note that the two sets of separated ring 
methylene protons and also the a-methyl protons in 2,4,4-trimethyl-
1-pyrroline-N-oxide all gave resolvable multiplets (J = 1.3-1.9 Hz) 
apparently due to coupling from long-range proton interactions (i.e., 
protons separated by more than three bonds). The y-gem-dimethyl
The correct assignment of the diastereotopic ring methylene protons
of TMPO-C^ and the other long-chain derivatives of TMPO should be
two doublets (i.e., 2 d) instead of a doublet of doublets (i.e.,
20
d x d) as originally assigned by Beckwith et^  al.
2,4,4-trimethyl-l-pyrroline-N-oxide
protons, however, were observed as an anticipated singlet. We are 
unaware of any reports describing the complete NMR of this 
intermediate nitrone. In line with these observations, the other 
intermediate nitrone, 2-methyl-l-pyrroline-N-oxide, also showed
2-methyl-l-pyrroline-N-oxide
unusual long-range proton coupling. Both the 6- and 6-ring protons 
this compound appeared as multiplets of triplets, with the g-ring 
protons having less fine structure in their multiplet pattern due to 
partial broadening. Each set of these ring protons gave typical 
short-range coupling to the adjacent y-ring protons and long-range 
coupling to other protons in the molecule (J^7.3 Hz and M . 4  Hz for
J^7.5 Hz and 1.6-2.2 Hz for S-CHh,). The a-methyl protons were
buried in the complex multiplet arising from the two y-ring protons
and were presumed to be a multiplet based on the behavior displayed
from the a-methyl protons of 2,2,4-trimethvl-l-pyrroline-N-oxide. The
long-range proton splittings were observed with the two intermediate
cyclic nitrones but not with the final nitrone compounds (i.e., DMPO
and TMPO and its derivatives). The only other paper detailing the NMR
22of 2-methyl-l-pyrroline-N-oxide was by Brandman and Conley. Though
our values were essentially in agreement with theirs, these authors
did not, however, report any unusual long-range proton splittings.
For example, the lone methyl group was reported as a singlet amidst a
complex multiplet arising from the y-ring protons. This lack of
additional splittings probably resulted from their use of a low
resolution instrument (6(bMHz).
The existence of unusual long-range proton coupling, as
displayed by the two intermediate cyclic nitrones, has been observed
in systems possessing homoallylic structures (i.e., H-C-C=C-C-H).
Homoallylic nuclear spin-spin coupling from long-range proton-proton
interactions over four single bonds and one double bond (i.e., five
intervening bonds) has been investigated theoretically by Barfield,
23“26
Sternhell, and co-workers. The calculations for cyclic 5-member
rings lead to the conclusion that a double bond is clearly required
24 27for these long-range couplings. Experimental work by Tori et al.
showed that appreciable homoallylic interactions could occur across
C=N systems. Protonation of the imine or conversion to an N-oxide
(i.e., nitrone) was found to attenuate the coupling to a significant
28extent. In a short communication, Black ei al_. reported homoallylic 
coupling in 2,4,4-trimethyl-l-pyrroline-N-oxide
b
0-
= 1.8 Hz) as well as in the 2-methyl analogues of the 4- and
6-member ring nitrones. However, long-range coupling from the B-ring
protons was not mentioned in the report. These results give clear
evidence that transoid coupling across the nitrone system is a viable
route for long-range nuclear splittings. The possibility of coupling
14to the nitrogen atom has not been ruled out. Long-range N coupling 
to protons attached to carbon atoms one carbon removed from the 
nitrogen center has been observed in quaternary alkylammonium 
salts.29"34
For TMPO the spectral location for both pairs of geminal dimethyl
protons (as singlets) has been questioned. The difference in chemical
35shift was reported as nominal (M3.2 ppm). For DMPO the same
f
question regarding the dimethyl protons has also arisen. Bonnett and
36 1McGreer, in their report on the H-NMR spectra of some pyrrolines
and pyrroline-N-oxides, obtained a value of 1.2 ppm for the 6-gem-
dimethyl protons of DMPO. In our laboratory the spectrum of DMPO
clearly showed a six-proton singlet at 1.43 ppm for the 6-gem-dimethyl
protons. Our assignment for the two sets of dimethyl protons of TMPO
29
was made based on this measurement. As expected, the methyl protons
nearer to the nitrogen atom were shifted more downfield (1.48 ppm) in
relation to the 8-methyl protons (1.24 ppm). This agreed with the
spectral shifts observed from the 6-methyl protons (1.46 ppm) of the
long-chain TMPO-C^ and TMPO-C^ compounds. The 8-dimethyl protons
from these long-chain nitrones were buried under the broad absorption
37envelope of the long-chain aliphatic groups. Hill and Thornalley
reported the synthesis and characterization of a very similar lipid-
soluble spin trap, TMPO-C^g. However, based on our data for the
TMPO-C^ and TMPO-C^g analogues, we believe that some of their ^H-NMR
assignments are incorrect. Since these authors give no details
regarding the NMR (i.e., internal reference, splittings, etc.), it is
impossible to determine the reasons for the discrepancies. Finally,
the hydroxylamine precursors, devoid of nitronic hydrogens, showed
proton signals at higher field than those of the corresponding
nitrones, presumably because of the removal of the electron-
withdrawing nitrone function.
Analysis of the IR spectra for these nitrones revealed two
prominent absorption bands useful for characterization purposes.
These were the C=N and the N-0 stretching frequencies of the nitrone
function, which usually gave strong or very strong absorptions. The
C=N stretch appeared at 1570 cm  ^ for all of the cyclic nitrone spin
traps, while the N-0 stretch occurred at 1270-1240 cm The two
cyclic nitrone precursors showed higher frequency C=N absorptions
1 2
due to alkyl (methyl) substitution at the nitronic carbon atom. ’
The N-0 absorptions were essentially unchanged for these precursors.
30
As expected, these two absorption bands were absent in the cyclic 
hydroxylamine intermediates.
Previously, there had been some confusion concerning the 
assignment of the N-0 stretching frequency of nitrones. Several
researchers have reported entire nitrone group absorptions in the
1c/ri -1 . 2,12,13,28,38-40 ... . . .1620-1540 cm region, while others have assigned
41
bands in this region to the N-0 stretching modes. These assignments
were later proven incorrect from 1R studies performed on pyridine
A 2 A3N-oxide and trimethylamine N-oxide. ’ These compounds exhibited
intense bands in the 1250-1180 cm * region which were absent in the
free amines. Furthermore, IR studies on the 1-pyrroline compounds
revealed strong bands around 1600 cm  ^but no bands centered around 
-1 44-47
1200 cm . These studies provided compelling evidence that
nitrones give separate absorption bands for the imine (C=N or 
azomethine) and nitroxide (N-0) portions of the nitrone function.
The mass spectral data for each of the four cyclic aldonitrones 
showed the correct molecular ion masses. The base peak for DMPO 
corresponded to its molecular mass. A significant percentage of the 
M+l ion appeared for TMPO-C^g. This is expected for such high 
molecular weight compounds due to the contributions from carbon-13 
nuclei.^ The ion fragment at m/e 112 appeared as base peaks for both 
the long-chain TMPO-C^ and TMPO-C^ compounds. It was tentatively 
assigned to be a dimethylpyrroline-N-oxide (C^H^NO) species. The 
most characteristic information concerning these substituted 
pyrroline-N-oxide ring systems was found in the low mass regions of 
the spectra. Here, the alkyl fragments were quite abundant. Ion
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fragments representing C^Hg (m/e 57), (m/e 55), (m/e 43),
and C^ H,. (m/e 41) were of diagnostic value for these four systems.
For instance, the ion fragment at m/e 55 (c^Hy) was tbe base peak for
49TMPO. Grigg and Odell, in a report on the mass spectra of N-oxides, 
found that the base peak in the spectra of the majority of the
1-pyrroline-N-oxides corresponded to the fragment C^ H,. (m/e 41). 
Examination of the spectra of the cyclic nitrones did not reveal
the prevalence of the'(M-16) ions that were characteristic of the
pyridine N-oxides.^ The loss of an oxygen atom to form the (M-16)
ion would seem likely in view of the behavior displayed by the
49pyridine N-oxides. Nevertheless, Grigg and Odell also stated that 
this mode of fragmentation was much less prevalent than with the 
aromatic N-oxides. Bapat and Black‘d  showed that the pyrolysis of
2-phenyl- and 2-styryl-substituted 1-pyrroline-N-oxides at 300°C
resulted in the formation of the related deoxygenated pyrrolines. A
source temperature of 200°C was used for the mass spectral analyses in
our laboratory. This lower temperature may be responsible for the
lack of production of the (M-16) ions for three of the cyclic
nitrones: DMPO, TMPO, and TMPO-C... The anomaly, TMPO-C,,., showed a
/ ’ Id
23% relative abundance of this ion. The possibility that these
52cyclic nitrones take part in a Cope elimination reaction during
thermal ionization, as shown for PBN and its analogues (see
Characterization, p 68), was viewed as highly unlikely. Boyd and 
53Neill stated that DMPO could not undergo an N-oxide thermal 
elimination reaction due to conformational restrictions inherent in 
the formation of the required planar 5-member cyclic transition
32
state. Unlike PBN and its analogues, the mass spectra of the cyclic
nitrones were not seen as easily interpretable due to the absence of
any general fragmentation pattern.
For each of the four cyclic aldonitrones, a single intense
absorption band (e M O , 000 M *cm *) was observed in the 230 nm r max
region of the ultraviolet spectrum. Two possible transitions of the
* £
nitrone function were n ■* it and tt it . A solvent dependence of the 
absorption bands was observed for each nitrone. The hypsochromic 
shifts (blue-shifts) in proceeding from nonpolar (hexane) to polar
(ethanol or water) solvents were quite pronounced (MO nm). These
* 54-56shifts are indicative of n + it transitions. However, Kaminsky
57 *and Lamchen have assigned the nitrone absorptions to u -* it
transitions based on their behavior in acidic solution. These workers
observed that the absorption spectra of the cyclic nitrones were
unaffected in dilute, aqueous hydrochloric acid (relative to water).
*
This behavior is not characteristic of n + tt transitions as evidenced 
58by Bonnett in his studies of alkyl-l-pyrrolines. The rather large
•k
absorptivities for the nitrones are consistent with tt it 
transitions.
*
The majority of known ir •+■ it transitions give bathochromic shifts 
(red-shifts) when the solvent is changed from nonpolar to polar 
solvents.^ The reason behind the hypsochromic shifts for nitrones 
appears to be due to their polar ground state character making them 
better solvated in polar versus nonpolar solvents. We observed that 
the cyclic nitrones, especially the low molecular weight DMPG and TMPO 
compounds, dissolved more readily in polar solvents (acetone,
acetonitrile, etc.) in comparison to nonpolar solvents (pentane, 
methvlcyclohexane, etc.). Thus, the greater solvation energy for the 
ground state than for the excited state in polar solvents would 
stabilize the ground state more and consequently lead to higher energy 
absorption bands (hypsochromic shifts). Through their UV studies 
Kaminsky and Lamchen^ demonstrated the chromophoric nature of the 
nitrone group. Due to the resonance interaction between the 
7r-electrons of the azomethine system and the unshared electrons on the 
oxygen atom, a lower excitation energy for the ir-electrons was 
observed in comparison to the related azomethine systems of the 
1-pyrroline compounds.
Previous Work
In the conventional method for the preparation of y-nitrocarbonvl
compounds from a,8-unsaturated carbonyls, a strong base normally
3
serves as a catalyst to initiate the reaction. Typically, alkoxides
or hydroxides have been the choice for many workers and the yields of
1,4-addition products have been less than 50% after purification. In
9
an early paper by Kloetzel, the use of diethylamine as catalyst was
successful in the addition of nitroparaffins to some unsaturated
ketones. Other amines have also displayed effective catalysis of the
Michael reaction. Recent reviews have shown that fluoride can serve
4 59as a powerful base in the Michael addition reactions. * Even 
catalysis by tertiary phosphines has been reported.
g
A study by Shechter et^  aJ. showed that reactions of 2-nitro- 
propane, nitroethane, and nitromethane with acrolein and methyl vinyl 
ketone, catalyzed by benzyltrimethylammonium hydroxide or sodium 
methoxide, resulted principally in addition to the olefinic groups of 
the conjugated carbonyl compounds (i.e., 1,4-addition) rather than 
addition to the carbonyl group (i.e., 1,2-addition). This was 
confirmed by IR spectroscopy, derivatization, and selective reduction. 
They reported that the yields of 1:1 addition products obtained from 
the nitroalkanes decreased in the order: 2-nitropropane > nitro­
ethane > nitromethane. They attributed this variation to the 
difference in the number of replaceable hydrogens of the acidic nitro 
compounds. Conceivably, nitroethane and nitromethane could give rise 
to 1:2 and 1:3 adducts, respectively, while 2-nitropropane could only 
give a 1:1 adduct with the unsaturated substrate. These side products 
were eventually avoided and maximum yields were realized when higher 
mole ratios (10-fold excess) of nitroalkane to unsaturated carbonyl 
compound were used. They also reported much greater yields with 
methyl vinyl ketone than with acrolein. The ease of polymerization of 
the aldehyde was the only explanation given for the poorer yields 
obtained with this substrate compared to the ketone. Our work using
9
the nitromethane reagent was in agreement with the work by Kloetzel. 
For instance, the reaction of mesityl oxide (1 mole) with nitromethane 
(10 moles) and diethylamine (1 mole) as catalyst provided the nitro- 
ketone after standing at 30°C for 30 days in 65% yield. The yield 
after refluxing for 48 hours was 55-60%. Additional heating did not 
increase the yield. The reaction could not be driven beyond 65%
completion regardless of the duration of heating, and this was
attributed to the hindering effect of two substituents on the 8-carbon
of the Michael acceptor. For a similar (3,8-disubstituted ketone,
5-methyl-4-hexen-3-one, Black et al.^* were only able to achieve a 30%
yield of Michael adduct with nitromethane using the same method of 
9
Kloetzel. No explanation was given for the low yield. In the 
9
Kloetzel study as well as our own, it was noted that a significant
side reaction accompanied the formation of the nitroketone product:
the reaction of the amine catalyst with the ketone substrate to give
about 10% 1,4-addition by-product, an unprecedented occurrence at that
62time. A study by Stein and Burger on the synthesis of myosmine
illustrated the influence of molar ratios on the adducts obtained.
63Warner and Moe showed that 1,4-addition products between nitro-
paraffins and a,8-unsaturated aldehydes could be obtained under the
proper conditions. These workers limited their nitroalkane studies to
the 1- and 2-nitropropanes. Only modest yields (''■'30%) were observed
when these nitro compounds were reacted with an equivalent amount of
the aldehydes in the presence of limiting sodium ethoxide. They did
not speculate on the low yields. However, in an earlier paper by 
64Villiani and Nord, it was found that carbanions of nitroalkanes
(generated by catalytic aluminum ethoxide) can add into the carbonyl
group of saturated aldehydes. One particular unsaturated aldehyde,
crotonaldehyde (i.e, 2-butenal), also gave 1,2-addition products (30%
or less yields) upon reaction with these carbanions. This was later
65confirmed by Fort and McLean in their preparation of 1-nitro-
3-penten-2-ol in moderate yield (41%) from crotonaldehyde,
nitromethane, and sodium methoxide. This appears to be an exception,
though, to the 1,4-addition rule of a, (3-unsaturated carbonyl systems.
Nevertheless, a very poor yield (12%) of the 1,4-addition product,
resulting from the sodium ethoxide-catalyzed reaction between ethyl
66malonate and crotonaldehyde, was reported. On the other hand, Todd
2
and co-workers reported a good yield (51%) of the nitroaldehyde from
the 1,4-addition of 2-nitropropane to crotonaldehyde in a sodium
methoxide/methanol medium. Other 1,4-additions to acrolein are
67 68reported to go in less than 50% yield. ’ Those involving the
malonate system are but a few of the known cases. Overall, the
traditional methods used for effecting the Michael addition are
plagued by low yields.^ ^
The serious side reactions associated with methyl vinyl ketone
are self-condensation reactions in the presence of bases. With
acrolein, polymerization reactions are known to be quite prevalent,
especially at elevated temperatures. Unlike mesityl oxide, the
typical low yields for these two very reactive Michael acceptors
cannot be attributed to steric effects at the ^-position. Also, the
employment of large excesses of nitroalkanes is a prevention to di-
and tri-alkylation side reactions. However, it has been reported that
base catalysts can add into the conjugated systems, thereby reducing 
72the yields. It appears then that milder conditions are warranted. 
Indeed, it is generally desirable to use the mildest reaction 
conditions possible in any Michael reaction. We were in search of a 
milder base catalyst in view of the results with sodium methoxide. 
Alkali metal fluorides and tetraalkylammonium fluorides have become an
important alternative to the rather strong bases normally
employed.^ ^,59 fluoride ion can act as a powerful base in
73aprotic media. In protic solvents .fluoride is reduced in reactivity
because of the deactivation of this ion by strong hydrogen bonding.
Other reactions involving acidic phenolic and alcholic reactants have 
4-6 59
been reported. ’ Fluorides normally give better yields of
products under mild conditions because Michael reactions proceed
rather selectively without formation of significant amounts of
by-products. For instance, fluoride has never shown the nucleophilic
ability to add into the conjugated system, despite repeated 
74
attempts. With fluoride, simpler reaction conditions prevail 
because the customary preparation of the strong base is avoided.
Two of the earliest reports on the fluoride-catalvzed reactions
75 76involve potassium fluoride in both aqueous and anhydrous ethanol.
The substrates studies were the substituted and unsubstituted
acrylonitriles, acrylamides, and various unsaturated esters with a
variety of nitroalkanes. The formation of mono-, di-, and tri-
alkylation products was shown, depending on the ratio of reactants
used. Beta-substituted Michael acceptors gave fair to poor yields
(<25%) that were attributed to steric hindrance as previously
mentioned for mesityl oxide. Nonhydroxylic solvents prevented
reaction and the best yields were observed with 0.1-1.0 mole
equivalents of catalyst. About a decade later, a new fluoride reagent
known as a "naked" fluoride was introduced.^ It was coined this name
because its solubilization and reactivity in aprotic solvents occurred
without the benefit of hydrogen-bonding. Two sources of active
fluoride have commonly been used: anhydrous tetraalkylammonium
fluorides, especially the tetrabutyl compound, and potassium fluoride
78in the presence of a crown ether. Belsky employed potassium
fluoride with a catalytic amount of 18-crown-6 (to solubilize the
potassium ion) in acetonitrile at room temperature to obtain very good
to excellent yields (70-95%) of Michael adducts of various sorts.
79Clark et^  al_. found tetraethylammonium fluoride to be very effective
(80-95% yields) for a few Michael acceptors and 2-nitropropane in a
variety of aprotic solvents at room temperature. Finally, Caprino and 
80
Sau showed that the combination of tetrabutylammonium chloride and 
potassium fluoride dihydrate (the chemical equivalent to tetrabutyl­
ammonium fluoride) in acetonitrile at room temperature served as an 
excellent catalyst for these additions (usually in >90% yields). It 
is interesting to note that for all of the "naked" fluoride reactions 
reported above, the yields were cited for crude products.
Furthermore, from all of the fluoride-catalyzed Michael reactions 
reported, only two use methyl vinyl ketone as the acceptor and none 
use acrolein.
As mentioned previously, weak bases have the ability to catalyze 
Michael reactions. For example, tributylphosphine, a particularly 
weak base, was effective for the reaction of ethyl acrylate, methyl 
vinyl ketone, and unsubstituted and methyl-substituted acrylonitriles 
with 2-nitropropane in a variety of aprotic solvents at room 
temperature.^ This study reported that the phosphine compound 
initiated the reaction by adding into the conjugated system. The 
resultant anionic intermediate acted as the base of the nitroalkane.
39
Very good to excellent yields (usually >70%) were disclosed following
purification of the adducts.
The first successful report on the synthesis of 1-pyrroline-
2
N-oxides came from Todd and co-workers in 1959. Their application of
the zinc/ammonium chloride reducing medium to the y-nitrocarbonvl
compounds was viewed as an entry into novel heterocyclic compounds.
It is still used today as an initial step to the preparation of
81—83complicated cyclic, alkaloid systems. Prior to 1959, reports
concerning the attempted synthesis of 1-pyrroline-N-oxides were very
much evident. The methods that were employed frequently gave
84unexpected and erratic results. For instance, Sonn obtained
2,4-diphenyl-l-pyrroline (42%) by reducing 1,3-diphenyl-4-nitro-
1-butanone with zinc or iron and acetic acid. Several years later,
85
Kloetzel £t^  al. secured the same compound in better yield (79%)
under conditions of low pressure hydrogenation over ordinary Raney
nickel at 25°C. It was noted that fresh catalyst gave the further
reduced pyrrolidine compound (77%). In this same study either
hydrazine/Raney nickel or zinc/aqueous ammonium chloride could effect
the formation of the 1-pyrroline compound in modest yields (^40%). It
appeared surprising that no N-oxide compound was produced, since the
reaction temperatures were kept low enough (10-15°C) to permit nitrone
6 2formation. However, when Stein and Burger reduced l-(3-pyridyl)- 
4-nitro-l-butanone with iron in a boiling aqueous medium (pH = 4), a 
solid, hygroscopic oxygen-containing base was produced. The compound 
(as the picrate salt) gave the correct elemental analysis for the 
nitrone. Nevertheless, they did not ascribe a structure to it. In
that same year, the Investigations by Brown et^  al. into the
reduction of this nitroketone using zinc dust and cold, aqueous
ammonium chloride revealed the product to be the nitrone. One year
87later, Kloetzel and Pinkus were unsuccessful in preparing an elusive 
1-pyrroline-N-oxide compound from 3-(3,4-methylenedioxyphenyl)- 
4-nitro-l-phenyl-l-butanone. Two reduction methods, hydrogenation 
over platinum black or Raney nickel and zinc/ammonium chloride 
treatment at 5-10°C, provided the 1-pyrroline compound in good yield 
(^50%).
2
Following the seminal work of Todd and co-workers in 1959,
88Kloetzel jeit al. described a mild reduction method for 4-methyl-
4-nitro-3-phenyl-l-(3-pyridyl)-l-pentanone to yield the 1-pyrroline-
N-oxide compound. Their attempts with low pressure hydrogenation over
old Raney nickel gave an approximately equimolar mixture of nitrone
and 1-pyrroline compounds. However, zinc and aqueous ammonium
chloride at 10-15°C gave the nitrone in good yield (64%). A better
yield (75%) was secured with hydrazine and fresh Raney nickel in
89
methanol at <55°C. A previous study by Kloetzel et^  al_. with the 
same ketone using high pressure hydrogenation at 100°C gave the
1-pyrroline compound as the major product (58%). The different
products formed from this particular nitroketone substrate compared to
the other previously studied was attributed to the geminal
substitution at the carbon atom bearing the nitro functionality.
90
Apparently, this type of substitution facilitates ring closure. 
Nevertheless, certain y-nitroketones (4-substituted 5-methyl-
2-hexanones), possessing the geminal substituents, were reported by
91Bapat and Black to be resistant to nitrone formation when zinc and
ammonium chloride were used under a range of reaction temperatures.
However, the alternative use of iron in a mildly acidic (aqueous
ethanolic) medium at reflux temperatures was very successful (50-80%
yields of nitrones) for these systems. A following study showed that
reduction of y-nitro aryl ketones, 2-aryl-substituted 1-pyrroline-
N-oxides, or 2-aryl-substituted 1-pyrrolines led to reductive
dimerization compounds with zinc and ammonium chloride at room 
92temperature. Other pyrroline-N-oxides and pyrrolines gave
pyrrolidines under these conditions. The work of Black and 
93Boscacci involving reductive cyclization of some B-hydroxyimino-
y-nitroketones to the corresponding nitrones also illustrates the
erratic behavior from both the zinc and iron reducing mediums. In
88the aforementioned study by Kloetzel et^  al_., they disclosed that
the synthesized nitrone could be reduced to the 1-pyrroline compound,
although inefficiently, by distillation from zinc dust (analyzed as
2
the dipicrate salt). Todd and co-workers also showed that nitrones
could be deoxygenated. For instance, reduction of 4-(3,4-raethylene-
dioxyphenyl)-2-phenyl-l-pyrroline-N-oxide with zinc and ammonium
chloride at room temperature in aqueous methanol afforded the
1-pyrroline compound (as the hydrochloride salt) in good yield (62%).
Also 2,4,4-trimethyl-l-pyrroline-N-oxide, upon refluxing with zinc
dust and aqueous acetic acid, yielded the 1-pyrroline compound (as the
picrate salt) in good yield (66%). Reduction of this nitrone with the
86
same reducing medium was reported by Brown e£ al_. to yield the 
pyrrolidine compound.
2
In their pioneering studies, Todd and co-workers highlighted a 
few of the reactions in which cyclic nitrones could participate. 
Analogous to the carbonyl group, the nitrone functionality was shown 
to react with Grignard reagents in ether solution. Only two of these 
reactions were illustrated in their report: (1) DMPO with ethyl- 
magnesiura bromide and (2) 2,4,4-trimethyl-l-pyrroline-N-oxide with 
methylmagnesium iodide. These reactions occurred by addition of the 
nucleophile into the "extended" carbonyl function at the electrophilic 
carbon atom. Treatment with mild, aqueous ammonium chloride gave high 
yields (80-90%) of the cyclic hydroxylamines. These intermediates - 
were then oxidized in aqueous ethanol to the corresponding nitrones, 
also in high yields (70-90%). Grignard addition reactions with cyclic 
nitrone systems have also been used by other w o r k e r s . ^
Molecular oxygen was judiciously chosen as a rather mild 
2
oxidant. Cupric acetate, solubilized with ammonia, catalyzed the 
reaction. The beauty of this method over the other mild oxidative 
procedures, aside from being cheap, was the fact that the completion 
of reaction was easily visible. Due to the change in color of the 
copper catalyst, the reaction possessed a built-in color monitor. 
During the oxidation the mixture remained colorless from the 
intermediary copper(I) species. But at the completion of the 
oxidation, the mixture became blue upon regeneration of the 
copper(II) ion.
98Johnson et^  al. reported that oxidations of aliphatic 
hydroxylamines were very rapid under basic conditions (pH = 9). Of 
greater significance, the rate of oxygen uptake was enormously
enhanced by added trace-metal catalysts, such as copper and manganese.
They reported that the oxidized solution was peroxldic due to a
mixture of hydrogen peroxide and organic peroxide. Other methods have
been successfully applied in the oxidation of cyclic hydroxylamines to 
81 91 99 100nitrones. ’ ' * Two of the more frequently used reagents for
this purpose are mercuric oxide and chloranil, both of which give high 
yields (usually >60%). Researchers in Japan have recently discovered 
two new methods for performing these oxidations. Oxidation involving 
molecular oxygen and a palladium metal catalyst was effective (60-90% 
crude yields) for both cyclic and acyclic, N,N-disubstituted 
hydroxylamines. The alternative procedure, electrochemical 
oxidation requiring a sodium iodide supporting electrolyte, was 
considered feasible (45-85% crude yields) since excessive amounts of 
chemical oxidizing agents were avoided along with the resulting 
troublesome work-ups.
Other routes leading to cyclic 5-member ring nitrones have been 
investigated. Analogous to the selective reduction of y-nitroketones 
and aldehydes already discussed, y-nitropentanoate esters (prepared by 
the Michael reaction) have been reduced under similar conditions to 
yield hydroxamic acids. Their subsequent reduction with lithium
aluminum hydride afforded the 2-unsubstituted 1-pyrroline-N-oxides.
2 91Work by Todd and co-workers and Bapat and Black have demonstrated
these reactions for methyl 4-methyl-4-nitropentanoate
44
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LiAlH4
ether
A +
0-
a hydroxamic acid DMPO
and ethyl 4-methyl-4-nitro-3-phenylpentanoate, respectively. Both
groups, however, reported very poor overall yields (<5%, including
the Michael step). Consequently, this alternative method would not be
considered an attractive route to these systems. On the other hand,
22
Brandman and Conley have reported a one-step synthesis of 2-methyl-
1-pyrroline-N-oxide from commercially available 5-chloro-2-pentanone.
The reaction of the chloroketone with hydroxylamine under reflux 
conditions for 45 minutes provided a fairly good yield (46%) of the 
nitrone. Longer heating times (3 hours) gave a mixture of nitrone and 
isomeric oxazine compounds. The reaction was assumed to proceed by 
way of cyclization of the initially-formed y-chloroketoxime 
intermediate. This method was patterned from a paper that reported
Et0H/H20
A
0-
45
the preparation of a 5-member ring nitrone from the reaction of a
methyl ketone containing a y-tosylate functionality with 
103
hydroxylamine. Of key interest concerning the method of Brandman 
22
and Conley, DMPO and its longer-chain analogues could be prepared
in only three steps with the last two steps involving a Grignard
reaction and subsequent oxidation of the hydroxylamine. To date, Lee 
97and Keana are the only investigators to use this procedure for the
preparation of a DMPO derivative, 2-methyl-2-nonyl-l-pyrroline-N-oxide
(20% yield from 2-methyl-l-pyrroline-N-oxide). This nitrone was used
as an intermediate to the preparation of some novel lipophilic spin
104labels. Haire and Janzen recently investigated the synthesis of
three lipophilic DMPO derivatives differing in the alkyl chain length
at C-5 of the pyrroline ring. Their methodology, as illustrated in
Scheme 3, involved firstly, the formulation of three various methods
necessary to attain the required secondary aliphatic nitro compounds
2
and lastly, the procedure developed by Todd and co-workers.
Sequences 1, 2, and 3 were employed for the preparation of the propyl,
hexyl, and decyl derivatives of DMPO, respectively. Overall yields
for each of the three nitrones were approximately 7%. Although the
yields for individual steps ranged from good to excellent (48-96%),
the synthetic schemes are considered to be unattractive since other
less complicated routes are currently available. More recently,
95Japanese researchers discovered that secondary amines could be 
converted to nitrones in one step using 30% hydrogen peroxide in the 
presence of a catalytic amount of sodium tungstate. This reagent 
gave high yields (60-90%) for both cyclic and acyclic nitrones.
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SCHEME 3
Sequence 1 Sequence 2 Sequence 3
R-CH2-C-R' r -ch2-ch-r ’ R-CHO + r ’ch2no2
N-OH OTs
NBS NaBr KF
NaHC03 DMF 2-propanol
h 2o
'
Br
R-CH2-t-R'
ko
R-CH2-CH-R'
OH
R-iH-CH-R'
lllOo
h 2o 2 NaN02 A c 20
h n o 3 phloroglucinol 4-dimethylamino
urea pyridine
DMF
NaBHA
R-CHt-C-R'
NO, Me0H/H2O
r -c h 7-c h -r '
)lOo
NaBH^
EtOH
OAc
R-iH-CH-R'
lio 2
1.acrolein 
Triton B 
THF
2.ethylene glycol 
TsOH
<f>H
p-(CH2)2
c h2-ch2-ch-o
R'-fc-N02
fcH2-R
1.Zn/NK^Cl 
THF/HjO
2.HC1/H20
R-CH, |+
R 1 = methyl 
RCH 2 “ propyl (1) 
■= hexyl (2) 
= decyl (3)
0-
A 4-member ring nitrone has been prepared in about 30% yield from
28the oxime tosylate of 3 ,3-dimethyl-4-hydroxy-2-butanone. This 
cyclic nitrone, 2,3,3-trimethyl-l-azetine-N-oxide,
•TsOH
+
0-
was found to be fairly unstable, decomposing in a few days at room 
temperature as a neat sample. We speculate that constrained cyclic 
nitrones possessing nitronic hydrogens would be even more unstable and 
thereby would be unsuitable for possible EPR spin-trapping 
applications.
Reports of 6-member ring nitrones have been more prevalent.
However, those possessing nitronic hydrogens are known to exist as 
42 43
dimers or trimers. ’ Nevertheless, Japanese investigators showed
that N-hydroxypiperidine upon palladium-catalyzed oxidation^^ or
102
electrochemical oxidation gave the corresponding nitrone as 
monomeric crystals in 57 and 85% yields, respectively, following 
purification. They suggested that the mode of oxidation could 
account for product formation or that fresh monomeric product could 
dimerize or trimerize with time. Consequently, this would be a 
disadvantage to their possible use as spin-trapping agents. To date, 
studies concerning the use of these nitrone systems in free radical- 
trapping reactions have not been reported.
48
B. Acyclic Aromatic Nitrones 
Synthesis
The syntheses of the acyclic aromatic nitrones, a-phenyl-N-tert- 
butyl nitrone (PBN) and its derivatives, were performed by two routes 
which required condensation of the appropriate aromatic aldehyde with 
N-tert-butylhydroxylamine (Scheme 4). Route A involved a new 
procedure developed in this laboratory, which ensured high yields in a 
simplified, one-step p r o c e s s . T h i s  method incorporated 2-methyl- 
2-nitropropane in a mildly reducing medium to generate jhi situ the 
requisite N-tert-butylhydroxylamine. Route B, an established method, 
involved direct reaction of the hydroxylamine with the aldehyde.
Yields ranging from good to very good were observed for both routes. 
For the most part, however, the yields obtained from method A were 
higher than those from the other reported methods. Table I lists PBN 
and its derivatives as prepared by routes A and B.
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SCHEME 4
Route A
0- 
1 +
Ar-CHO + (CH3)3C-N02 + 2 Zn + 4 HOAc ------ ► Ar-CH=N-C(CH3) 3 +
2 Zn(OAc) 2 + 2 H20
\
Route B
Ar-CHO + (CH3)3C-NHOH
0- 
1 +
* Ar-CH=N-C(CH3) 3 + H20
TABLE I
Nitrone
PBN
PBN-Me
PBN-Me3
2-PBN-OMe
4-PBN-OMe
DoPBN
PBN-OH
Bu2PBN-OH
PBN-NMe2
PBN-Br
pbn-n o2
a-ARYL-N-tert-BUTYL NITRONES
CH=N-C(CH3) 3
, % Yield3
iR Solubility^ Method A Method B
H water- and 78 71
lipid-soluble
4-Me water- and 77
lipid-soluble
2,4,6- lipid-soluble 66C 48
tri-Me
2-OMe water- and 80
lipid-soluble
4-OMe water- and 79
lipid-soluble
4-0-n-Cj2H2,. lipid-soluble 76 63
4-OH insoluble 69
3,5-di- lipid-soluble 81C 50
t_-Bu-4-OH
4-NMe„ water- and 65 58
lipid-soluble
4-Br lipid-soluble 56 64
4-N0o lipid-soluble 80
TABLE I (cont'd.)
%Ylelda
Nitrone II Solubility^ Method A Method B
PBN-NMe_+I 4-NMe*! water-soluble 60 68"3 3
4-NMe^”1PBN-NMe0 Cl NMe,, Cl water-soluble (89% via ion
exchange of 
iodide salt)
a after purification
b to the extent of ca. 0.1 M in both water and hexane 
c estimated (crude) from ^H-NMR
An early report by Wiemann and Glacet^^ on the synthesis of 
a,N-diphenyl nitrone prompted us to investigate a similar procedure 
for o-aryl-N-tert-butyl nitrones.
In their method, equivalent amounts of benzaldehyde and nitrobenzene 
were reacted in an aqueous, ethanolic medium containing zinc dust and 
glacial acetic acid to give a 90% yield of nitrone. The reaction was 
carried out at -8°C. The amounts of zinc and acetic acid were not 
specified, although the reaction was reported to consume a slight 
excess of acid. Their proposed mechanism was based on a phenyl- 
hydroxylamine intermediate which reacted with the benzaldehyde. We 
were particularly interested in extending this method to the synthesis 
of the lipid-soluble a-(4-dodecyloxyphenyl)-N-tert-butyl nitrone 
(DoPBN), a spin trap for studies in biological systems. In order to 
demonstrate this procedure with 2-methyl-2-nitropropane in place of 
nitrobenzene, we chose a readily available aromatic aldehyde that 
would model the precursor aldehyde to the DoPBN molecule, 4-methoxy- 
benzaldehyde.
The aliphatic nitro compound, 2-methyl-2-nitropropane, was
prepared in very good yield (85%) from the established, aqueous
 ^  ^ 107,108permanganate oxidation of the inexpensive tert-butylamine.
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A rapid and convenient alternative to the permanganate oxidation has
109
been reported by Stowell. He demonstrated that the sodium 
tungstate-catalyzed hydrogen peroxide (21% aqueous solution) oxidation 
of tert-butylamine gave the nitro compound in 70% yield on a smaller
scale (30 grams compared to 100 grams used in the permanganate
method). However, this method was not attempted.
From the outset, application of the method of Wiemann and 
Glacet^^ to the preparation of a-(4-methoxyphenyl)-N-tert-butyl 
nitrone (4-PBN-OMe) was fraught with conversion problems. Equivalent 
amounts of aldehyde and nitro compound were reacted with 50% excesses 
of activated zinc and acetic acid at -10 to -5°C in an aqueous, 
ethanolic solution and were allowed to set for 24 hours in the dark at 
^6°C. Following work-up of the mixture, much unreacted aldehyde and a
small amount of nitrone product were observed by ^H-NMR analysis. The
amounts of zinc and acid used were adequate since a small amount of 
unreacted zinc was left in the mixture before work-up. This, along 
with the neutral pH of the solution, indicated that all of the acetic 
acid was used in the reduction of the nitro compound to the 
hydroxylamine intermediate. Therefore, variations in conditions were 
sought to bring about a total conversion of aldehyde to nitrone.
A temperature study of the model reaction revealed that 
increasing the temperature above 0°C significantly improved the yield. 
Temperatures in the range of 0-15°C had no further effect on 
aldehyde/nitrone ratios. The yields of 4-PBN-0Me ranged from 50-60% 
based upon the reacted aldehyde. High-vacuum, fractional 
distillation was employed to separate the components [bp: ^140°C 
(nitrone), ^80°C (aldehyde) (0.1 mm)].
Realizing that approximately half of the starting aldehyde was 
converted to nitrone using equivalent amounts of aldehyde and nitro 
compound, it seemed appropriate that two mole equivalents (i.e., 100% 
excess) of the nitro compound would bring about a complete conversion. 
Indeed, when this variation was employed for 4-methoxybenzaldehyde 
using 50% excesses of zinc and acetic acid at a reaction temperature 
of 10-15°C, a complete aldehyde conversion was achieved (i.e., no 
aldehyde was left unreacted) along with a good yield of nitrone. It 
was later discovered that 95% ethanol or methanol served as better 
solvent systems for this reaction, giving higher yields in comparison 
to the original 3:2 ethanol/water mixture employed by Wiemann and 
Glacet.^^ This could possibly be explained by easier work-up of the 
mixture (elimination of the aqueous extraction) or by better 
solubilization of the aldehyde and nitro compound in the reducing 
medium. In attempting to repeat the synthesis of Wiemann and 
Glacet,^^ we obtained less than 20% yields of purified a,N-diphenyl 
nitrone following their procedure. Unreacted benzaldehyde and 
nitrobenzene were always present in two attempts. With the newlv- 
developed procedure, much better yields were realized. However, 
repeated recrystallization was required to remove unreacted nitro­
benzene from the solid nitrone product.
As described above, the use of excess 2-methyl-2-nitropropane 
drove the condensation reaction to completion. We were mildly 
curious about the side reaction which competed for this reactant.
The aqueous phase (neutral pH) in the reaction of equivalent amounts 
of 4-methoxybenzaldehyde and 2-methyl-2-nitropropane contained a light
green material. Continuous extraction of this solution with 
chloroform provided a viscous, hygroscopic oil which was colorless 
after distillation [bp: '''55°C (0.1 mm)]. The oil partially solidified 
to a clear-white substance when dried ^n vacuo. Analysis of this 
material by *H-NMR (CDCl^) showed three spectral singlets [chemical 
shifts: 1.29, 2.00, and 10.34 ppm (variable) in the area ratio of 
8H:3H:3H, respectively] and confirmed a non-aromatic compound. In D£0 
the signal at 10.34 ppm disappeared completely indicating that these 
protons were readily exchangeable. Mass spectral analysis showed a 
tert-butyl group (m/e 57) with a base peak at m/e 74 and a fragment at 
m/e 89 suggesting a tert-butylhydroxylamine component. A molecular 
ion was observed at m/e 149 with a significant fragment at m/e 60. 
This, together with the NMR data, is consistent with an N-tert-butyl- 
hydroxylammonium acetate salt. The two upfield singlets in the NMR 
spectrum are in very good agreement with the expected chemical shifts 
for the acetate and tert-butyl hydrogens of this salt. For instance, 
the acetate protons of acetic acid (in CDCl^) resonate at 2.10 ppm 
(singlet), while the tert-butyl protons of N-tert-butylhydroxylamine 
(in CDCl^) resonate at 1.12 ppm (singlet). The identity of the side 
product was proved by synthesis. A small amount of N-tert-butyl- 
hydroxylamine was reacted with a slight excess of glacial acetic acid 
in 95% ethanol at 5-10°C. A thick, colorless oil was obtained after 
work-up and thorough drying in vacuo. Analysis of the crude oil by 
^H-NMR (CDCl^) revealed two spectral singlets at 1.28 ppm (7H) and 
2.04 ppm (2H) and a broad absorption at 8.5 ppm incorporating a 
sharp singlet at 8.26 ppm (3H). The chemical shifts of the amino and
hydroxyl protons were expected at variable downfield locations 
depending on the concentration of the sample, etc. These protons were 
absent in The IR spectra of the isolated and synthesized samples
(in CDCl^) matched, with major absorption bands at 3600-2100 (broad), 
1680, and 1220 cm Furthermore, both samples, following treatment 
with sodium hydroxide and extraction with ether, provided the 
crystalline white N-tert-butylhydroxylamine. These findings were 
conclusive evidence that the by-product from the 4-PBN-OMe reaction 
was N-tert-butylhydroxylammonium acetate. The formation of a 
significant amount of this water-soluble salt explains the incomplete 
conversion to the nitrone product. Apparently, the active N-tert- 
butylhydroxylamine becomes partially deactivated in the aqueous, 
ethanolic medium upon salt formation with acetic acid. The addition 
of base to the reaction mixture was not attempted as a means of 
liberating the free amine for additional reaction with the unreacted 
aldehyde, although other workers have successfully generated and 
reacted free hydroxylamine compounds of similar structure iri situ from 
their acid salts.
Application of the new, mild procedure to the preparation of 
the DoPBN compound was successful. However, a trace amount of 
aldehyde was noted (^H-NMR analysis) after leaving the mixture in 
the dark at ^6°C for 48 hours. Longer times (up to two weeks) did 
not improve the conversion. Nevertheless, upon recrystallization 
the trace amount of aldehyde was eliminated. The dodecyloxy 
derivative of benzaldehyde was less reactive than 4-methoxy- 
benzaldehyde under identical conditions. Reduced reactivity was also
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noted for the aliphatic dodecyl aldehyde. This sluggish behavior for
compounds possessing long aliphatic chains has been reported for other
types of reactions.
The starting aldehyde for the DoPBN synthesis was prepared from
1-bromododecane and 4-hydroxybenzaldehyde by the Williamson ether
method^'’* using a procedure developed by Dietrich and Steiger.
In this procedure the phenol is alkylated in a strongly basic (KOH)
118—120solution. Although a possible Cannizzaro side reaction of the
formyl functionality was considered, it has been documented that
aromatic aldehydes possessing phenolic or other strongly electron-
donating functional groups normally do not undergo this reaction under
121
the conventional conditions. It is important to note, however,
that the presence of a catalytic amount of metallic silver does lead
122 123 117to Cannizzaro products. * Dietrich and Steiger demonstrated
that the liquid crystalline 4-alkoxybenzaldehydes could be prepared in
good yields (50-70%) from the direct reaction of 4-hydroxybenzaldehyde
with various primary alkyl bromides using potassium hydroxide in a
dimethylformamide (DMF)/benzene (1:1 v/v) solvent mixture. The
solvent system is based on the abilities of DMF to dissolve the
intermediate phenolic salt and of benzene to act as an azeotropic
solvent for the removal of water produced during the reaction. The
only disadvantage to this procedure was the time consuming removal of
the higher-boiling DMF at the completion of the reaction. For us, the
application of this method to the synthesis of 4-dodecyloxy-
benzaldehyde provided a very good yield (84%) of product on a large-
124
scale reaction. An earlier report by Gray and Jones showed that
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potassium carbonate could be used as an alternative base in 
cyclohexanone solvent with good yields (65-75%). However, due to the 
success of the former method, we did .not try these conditions.
Route B was also shown to be an effective alternative method for 
the preparation of DoPBN. When a 25% mole excess of N-tert-butyl- 
hydroxylamine was reacted with 4-dodecyloxybenzaldehyde in benzene 
under reflux, a complete conversion to nitrone was evidenced (^H-NMR 
analysis). However, a lower yield was obtained in comparison to 
route A. This was probably caused by the heating necessary to bring 
about a complete conversion. Unlike the milder route A, reactions 
employing route B commonly gave a yellow-colored by-product material. 
The removal of water produced during the reactions of route B with the 
aid of a Dean-Stark water separator was essential for success. For 
instance, attempts to prepare DoPBN using either methanol or ether as 
solvents at room temperature or reflux temperature under nitrogen 
failed.
The N-tert-butylhydroxylamine required for route B was prepared
in 64% yield from 2-methyl-2-nitropropane by a slight modification of
125the procedure of Greene and Pazos. The modification involved the
use of an ethanol/water mixture in place of pure water for the 
zinc/ammonium chloride reducing medium. This change made a dramatic 
difference in the yield of the hydroxylamine compound. In aqueous 
solution the hydroxylamine was obtained in very low yields (<20%), 
and the expected yields were only realized upon use of ethanol as a 
co-solvent. These low yields could have been caused by incomplete 
extraction of the water-soluble product from the aqueous phase. With
the ethanol/water mixture, a more thorough extraction was probably
effected following azeotropic evaporation of the solvents. It was
noted that the use of glacial acetic acid in place of ammonium
chloride in a 95% ethanol medium did not give the expected
hydroxylamine product. Rather, a gummy material was produced with
properties similar to those of the by-product from the 4-PBN-OMe
reaction as discussed previously. An alternative method for
preparation of N-tert-butylhydroxylamine involves the reaction of wet
aluminum amalgam with the nitro compound to provide a product yield
126 127(^60%) comparable to that of the activated zinc method. ’ Due to 
the hazardous pyrophoric nature of this reducing reagent, it was never 
explored as a feasible alternative.
The extended application of the facile, one-step nitrone 
synthesis of route A to other aromatic aldehydes provided easy entry 
into a large variety of acyclic aromatic nitrone compounds. A host 
of nitrones for use in spin-trapping experiments was of key interest 
for the rhodopsin studies. A few workers have experienced problems 
in obtaining aromatic aldonitrones devoid of starting aldehyde (see 
Previous Work, p 78). This serious contaminant is usually not 
separable from the nitrone product except by tedious, often small- 
scale chromatography. Our method ensures a complete conversion for 
several benzaldehydes. Nevertheless, the functional group attached to 
the ring has an effect on the success of this reaction. For 
benzaldehyde, the reaction proceeded smoothly to yield a-phenyl- 
N-tert-butyl nitrone (PBN), currently one of the most widely used spin 
traps. The alternative route B also gave a very good yield of PBN.
The two methoxy derivatives of PBN, 2-PBN-OMe and 4-PBN-OMe, and the
4-methyl analogue, PBN-Me, were prepared from their corresponding
aldehydes in high yields without residual unreacted aldehydes.
Although syntheses with route B were not tried, similar yields to PBN
would be expected. For 4-N,N-dimethylaminobenzaldehyde, the reaction
to produce a-(4-N’,N*-dimethylaminophenyl)-N-tert-butyl nitrone
(PBN-NMe2) did not proceed to completion using either method.
Analysis (^H-NMR) of the crude mixture from route A revealed about 60%
conversion. Attempts to increase the conversion by increasing the
amounts of starting reagents except the aldehyde failed. However,
since PBN-NMe2 was easily purified by fractional crystallization,
route A was viewed as a success for this nitrone. With route B, the
use of a 25% mole excess of the hydroxylamine compound resulted in a
slightly better conversion (67%). Forcing the reaction to completion
by addition of more hydroxylamine reduced the yield due to longer
heating periods.
Similarly, efforts to produce a-(3,5-di-tert-buty1-4-hydroxy-
phenyl)-N-tert-butyl nitrone (B^PBN-OH) , a novel ambidentate spin 
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trap, devoid of unreacted aldehyde were unsuccessful. Conversions
of 80-90% were the highest obtained using routes A and B. Unlike
PBN-NMe2» however, this novel nitrone could not be separated from the
aldehyde by fractional crystallization but was purified by preparative
128thick-layer chromatography. Pacifici and Browning reported the 
preparation of BU2PBN-OH in 92% yield from the reaction of the 
aldehyde with the hydroxylamine compound in ethanol. Although no 
details of the reaction were mentioned, their procedure followed that
129used by Emmons. Nevertheless, we found that reaction of N-tert-
butylhydroxylamine (25% excess) with the aldehyde in absolute ethanol
at reflux provided only a partial conversion to nitrone. The use of a
large excess of the hydroxylamine compound (200%, added in two
portions) did not give significantly different results. Also, the
reaction in 95% ethanol yielded only a very small amount of nitrone
with a large amount of unreacted aldehyde. The nitrone reaction is
reversible and requires effective removal of the water generated to
ensure a high yield of product. The use of a Pean-Stark trap or
anhydrous sodium sulfate or magnesium sulfate to remove the water
produced are two means by which this can be accomplished.^ Thus, it
is not surprising that we obtained better results using a Dean-Stark
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trap. On the other hand, a report by Nethsinghe and Scott on the 
antioxidant behavior of nitrones revealed that the addition of a few 
milliliters of water to the reaction had the effect of accelerating 
nitrone production. These workers allowed the aromatic aldehyde to 
react with the hydroxylamine compound in ethanol at room temperature 
over a few days. Of significance, many phenolic aldehydes were 
feasible substrates for these nitrone preparations. However, neither 
the yields nor specifics of each reaction were given. Route B was 
found to be an excellent choice for the preparation of a related 
compound, a-(4-hydroxyphenyl)-N-tert-butyl nitrone (PBN-OH). A 
complete conversion of aldehyde to nitrone was realized once PBN-OH 
was discovered to be immiscible in benzene. Thus, precipitation of 
the nitrone from solution as the reaction progressed was a natural 
driving force for this particular reaction. No attempt was made to
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prepare this nitrone by route A based on the results from the
aforementioned, electron-rich benzaldehvdes. Of particular interest
with PBN-OH was its insolubility in water as well as its limited
solubility in common organic solvents. Consideration of the
reactivity of the various benzaldehydes supports the conclusion that
strongly electron-releasing groups on the ring have a noticeable
deactivating effect on the nitrone reaction. Weakly and moderately
electron-donating groups, however, do not display this dramatic
behavior. For the benzaldehydes containing electron-attracting
substituents, no unreacted aldehydes were detected with either method.
The reaction of 4-nitrobenzaldehyde with 2-methyl-2-nitropropane in
the mild reducing medium of route A failed to yield the nitrone
a-(4-nitrophenyl)-N-tert-butyl nitrone (PBN-NC^). Rather, a stable
reddish-orange solid was produced in high yield, which was partially
soluble in dimethylsulfoxide (DMSO) and DMF and completely soluble in
concentrated acids (HC1 and H.SO.) but insoluble in other common2 4
solvents. Mass spectral analysis indicated a compound of high 
molecular weight (m/e 581) which appeared to have incorporated zinc. 
The reduction of 2-methyl-2-nitropropane in preference to 4-nitro­
benzaldehyde would be unlikely, so that a mixture of compounds may be 
possible. This being the case, the intermediate hydroxylamine 
produced form nitrobenzaldehyde would be expected to undergo reaction 
with another molecule of nitrobenzaldehyde, thereby leading to a 
compound (or a mixture of compounds) of unknown composition. 
Consequently, route B was the method of choice for this particular 
nitrone.
Due to its water solubility, the nitrone salt,
a-(4-N',N',N'-trimethylanilinium iodide)-N-tert-butyl nitrone
(PBN-NMe^I ), synthesized by route A, was somewhat difficult to
purify because of the zinc acetate by-product. However, the iodide
salt and zinc acetate could be separated by fractional crystallization
from hot ethanol. The more soluble chloride salt required for spin-
trapping studies was subsequently prepared in high yield from the
iodide salt by ion exchange. No problems were encountered with route
B, which produced PBN-NNe^+I in good yield. The trimethylammonium
analogue of benzaldehyde needed for the synthesis of PBN-NMe^I was
prepared in 62% yield by the direct reaction of methyl iodide with
4-N,N-dimethylaminobenzaldehyde as patterned from a procedure of Chen 
131and Benoiton. The reaction was performed for one week at room
temperature. Higher temperatures proved detrimental to the yield. A
large excess of methyl iodide was necessary to get a good yield.
Initially, the acetal-protected dimethylbenzaldehyde was thought to
be a better substrate for methylation. However, acetal formation
using an excess of ethylene glycol and a catalytic amount of
4-toluenesulfonic acid (TsOH) in benzene occurred with only 73%
conversion (^H-NMR analysis of the acetal and aldehyde protons). The
11 132favorable alternative, triethyl orthoformate reagent ’ (in excess) 
with a catalytic amount of d-10-camphorsulfonic acid in ethanol, 
provided even less conversion (65%). In both cases, separation of 
unreacted aldehyde from the acetal product by high-vacuum fractional 
distillation was ineffective. Thus, even though the reaction did not 
go to completion, the simplified one-step methylation of
4-N,N-dimethylaminobenzaldehyde was used since the unreacted tertiary 
amine was easily removed from the sample by washing with dichloro- 
methane. It is well documented that.strongly electron-releasing polar 
substituents on the aromatic ring cause the carbonyl function of the 
aldehyde to become less electropositive (i.e, the electron density at 
the carbonyl oxygen atom will become larger).^ For strongly 
electron-aittracting polar substituents, the opposite situation holds. 
With these’substituents situated at the para-position, direct 
resonance with the carbonyl functionality occurs and the effects are 
larger. The N-tert-butylhydroxylamine nucleophile reacts at the 
carbonyl carbon of the aldehyde to produce the nitrone. A high 
electron density at this site has a deactivating effect on this 
reaction, as with other carbonyl reactions. Conversely, a deficiency 
of electron density at this site has an activating effect. Both 
methods of aldonitrone synthesis manifested the expected trends.
Steric factors can also play an important role in aldonitrone 
synthesis. For 2,4,6-trimethylbenzaldehyde, the buttressing effect 
of the two methyl groups in close proximity to the formyl function 
deterred complete nitrone formation. The highest conversions obtained 
for a-(2,4,6-trimethylphenyl)-N-tert-butyl nitrone (PBN-Me^) were 66 
and 75% from routes A and B, respectively. The use of thick-layer 
chromatography gave clean separations of aldehyde and nitrone. Only 
with a large excess of the hydroxylamine compound under forcing 
conditions (route B) was it possible to obtain PBN-Me^ without 
contamination from the starting aldehyde. An electronic effect cannot 
be operating here since PBN-Me was obtained (route A) free of
aldehyde. Hence, the ortho-methyl groups must have hindered the
approach of the hydroxylamine to the carbonyl carbon atom. Since
2-PBN-OMe was obtained (route A) free of aldehyde, a single ortho-
substituent does not appear to hinder the reaction. Sommermeyer and 
133Seiffert have reported the preparation of a similar, sterically-
hindered nitrone for use in spin-trapping studies. The nitrone
a-(2,4,6-trimethoxyphenyl)-N-tert-butyl nitrone was prepared from the
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procedure of Emmons. Details of the preparation including the 
product yield were not disclosed.
The preparation of certain acyclic aromatic aldonitrones using 
the mild procedure A was an attractive alternative to the more drastic 
procedure B. Importantly, reduction of 2-methyl-2-nitropropane to the 
corresponding hydroxylamine in situ eliminates the need to produce it 
separately before use. Excluding the 5-member cyclic nitrones and the 
report by Wiemann and Glacet,^^ we are unaware of any other reports 
concerning the preparation of nitrones via the iii situ generation of 
the required hydroxylamine compounds. The work-up procedure is quite 
simple. After storing the sample in the refrigerator (^6°C) for 24-48 
hours (to ensure complete conversion), the large amounts of white zinc 
acetate and any unreacted zinc are removed by filtration. Due to the 
slight solubility of this salt in ethanol or methanol, an ether rinse 
of the evaporated solution is necessary to remove the solid nitrone 
product from the remaining acetate salt. Also, the volatile, blue- 
green nitrosobutane by-product (from incomplete reduction) from this 
reaction is easily removed from the mixture upon evaporation of the 
solvent. The NMR analysis of the crude nitrone indicates >95% purity
with essentially no aldehyde contamination. Although all of the 
variables pertaining to this procedure have not been thoroughly 
investigated, yields greater than 70% following purification were 
obtained in most cases. The best solvent appears to be 95% ethanol 
and two equivalents of nitroalkane provide the highest yields. This 
procedure was found to work somewhat better on larger scales. The 
yields from one-gram syntheses were about 10% lower than from
5- to 12-gram syntheses, although the conversion ratios were the same. 
The rapid preparation of large quantities (>20 grams) of PBN and its 
derivatives, especially the lipid-soluble DoPBN, represents an 
attractive alternative to the other methods currently available. The 
commonly used method B must be employed in cases where the aldehyde or 
ketone substrate is sensitive to the mild reduction procedures 
afforded from method A (e.g., nitrobenzaldehyde). For benzaldehydes 
containing strongly electron-releasing functional groups and 
sterically-congested ortho-substituents, both methods serve to yield 
the corresponding nitrones, although in less than complete conversion. 
Both methods also provide similar conversion ratios. However, a large 
excess of N-tert-butylhydroxylamine could be used in route B to 
generate the nitrones devoid of starting aldehyde. Due to the 
prolonged reaction times required for these less reactive aldehydes, 
lower yields are obtained.
Application of this new procedure to the preparation of
C,C-disubstituted nitrones (i.e., ketonitrones), generally known to
A 2 13 Abe more difficult to synthesize than aldonitrones, * appeared to
be successful for 3-pentanone and cyclopentanone. However, exposure
of the freshly prepared, crude white solids to the atmosphere for
several minutes following drying in vacuo resulted in a transformation
of each sample to a gooey substance that eventually hardened. Before
hardening, these solids were shown to be insoluble in some common
organic solvents. This was a serious obstacle to their study since
they could not be recrystallized or examined in solution. This
behavior is not unusual. DeSarlo et al.^^ showed that a-benzyl-
N-alkyl nitrones, upon prolonged exposure to the atmosphere, resulted
in the formation of dinitrones. An excess of oxygen resulted in
increased yields. Formation of the dinitrones occurred by oxidative
C-C coupling at the activated benzylic positions of the benzyl
nitrones. These compounds for the most part were found to be
insoluble in common organic solvents. Some earlier reports
illustrated similar phenomena. The reaction of acetone and N-phenyl- 
135hydroxylamine as well as the condensation between butyraldehyde and
136N-phenylhydroxylamine yielded hydroxylamine nitrone dimers. A
re-interpretation of the reaction product between acetone and
137N-phenylhydroxylamine was later provided by other workers. Based
on *H-NMR and X-ray crystallographic data, the product was assigned to 
a cyclic oxazoline compound. Oxidative self-coupling has also been 
shown for methylene-bis-nitrones of the 1-pyrroline-N-oxide 
compounds.Consequently, many aldehydes and ketones possessing 
a-hydrogens appear to be prone to further, secondary oxidation 
reactions following initial condensation with hydroxylamine compounds. 
Later reports showed that many aldonitrones and ketonitrones 
possessing a-hydrogens could be successfully prepared in the absence
of self-condensation reactions. For instance, Exner^^
described a modified synthesis of N-methylketonitrones of both the 
aliphatic and aromatic types. Moisture was meticulously excluded 
during the synthesis and work-up procedures because of the 
instantaneous hydrolysis of the product nitrones into their original 
components. The reaction of the free N-methylhydroxylamine with the 
ketones failed but the condensation of the hydrochloride salt of the 
amine with the ketones or the acetal-protected ketones proceeded 
smoothly. The nitrones were liberated from their hydrochloride salts 
with ammonia but could not be distilled due to decomposition.
Although our examination of aromatic ketones was not made with the new 
procedure, it appears from the above reports that difficulties would 
likewise be encountered.
Characterization
Structural identification of the intermediates required for 
synthesis of PBN and derivatives was made by ^H-NMR and IR 
spectroscopy. Good agreement between the expected and actual values 
was observed. The experimental melting and boiling points also 
agreed with the literature values.
The spectral data presented for the acyclic aromatic nitrone spin 
traps were in excellent agreement with the assigned structures. For 
those previously unreported nitrones, 2-PBN-OMe, PBN-NMe2 » PBN-NMe^+ 
(iodide and chloride salts), and PBN-Me^, the results were in 
agreement with literature reports for PBN and its derivatives. The
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elemental analyses of these unreported nitrones accorded well with the
calculated values (<0.4% difference). Two geometric isomers are
possible for the acyclic aldonitrones due to the presence of the
43double bond in the nitrone function.
Ar/
.0-
R
Ar.\
/
C=N^
As with aldimines, equilibration of these aldonitrones occurs
f
between the E (or trans) and Z (or cis) forms. However, the more
stable Z-form is the sole or predominant isomer for most 
43aldonitrones. The reason for this appears to be the presence of 
repulsive non-bonded steric interactions between the C-aryl and 
N-alkyl groups in the E-form, especially for the N-tert-alkyl groups,
Some reports improperly designate the geometric isomers of acyclic
nitrones as syn and anti (e.g., a syn aldonitrone is assigned to
143the E-isomer). Besides being incorrect, the IUPAC Commission has 
abandoned these prefixes for all isomers. Therefore, the E and Z 
(or cis and trans) designations are the correct nomenclature.
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1 13that are absent in the Z-form. Both H- and C-NMR show only one
144 145
configuration in certain aldonitrones. * Nevertheless, Bjorgo 
146et al. demonstrated the presence of both isomers by a judicious
choice of substituents attached to the nitrone function. The two
isomers were detected by ^H-NMR analysis, taking into account the
significant difference in the chemical shifts for the N-alkyl protons
147and the nitronic proton of each isomer. The work by Boyle et al. 
showed that rotational barriers about the formal double bond in 
nitrones are significant. For example, the barrier to rotation for 
a-phenyl-N-methyl nitrone is estimated to be 30 kcal/mol. For PBN and 
its derivatives, the barrier is predicted to be about the same
a 148 magnitude.
The ^H-NMR chemical shift data for our acyclic aromatic
aldonitrones before and after recrystallization were consistent with
the presence of a single isomeric form (i.e., only one nitronic proton
signal was observed for each nitrone), which was assigned the Z-form
based on previous studies concerning aldonitrones.^’ For
instance, the E-isomer of aldonitrones invariably will give more of a
downfield shift of the signal by about 0.3 ppm due to the nitronic
proton (relative to the Z-isomer). This is in agreement with
studies showing that protons adjacent to a negatively charged oxygen
atom of an N-oxide compound will resonate at lower field.
As with the cyclic nitrones, the nitronic protons observed in
the *H-NMR spectra were quite diagnostic of the aromatic aldonitrones.
Again, their chemical shifts were observed downfield (8 .1-7.4 ppm) in
19comparison to ordinary vinylic protons (^5.5 ppm), but upfield from
the aldehydic protons (11-9 ppm) of the precursor benzaldehydes. This 
spectral isolation of the aldehydic and nitronic protons provided a 
convenient method, along with thin-layer chromatography (TLC) 
analysis, for monitoring the progress of the reaction. The percentage 
of conversion of aldehyde to nitrone was calculated in certain cases 
by integration of the separated aldehydic and nitronic proton signals. 
Another diagnostic feature observed in the ^H-NMR spectra for these 
compounds was displayed by the tert-butyl group attached to the 
nitrogen atom of the nitrone function. These aliphatic protons 
appeared as an expected singlet at 1.6 ppm, in agreement with the 
value for the tert-butyl protons of 2-methyl-2-nitropropane. Thus, 
the spectral singlets for the nitronic and tert-butyl protons were 
shown to be important features for the identification of PBN and its 
derivatives.
The chemical shifts of aromatic hydrogens in PBN and its
derivatives are influenced by the electron-withdrawing nitrone
function. A significant downfield change in the chemical shift
(M ppm) in the ^H-NMR spectrum was observed for the ortho-hydrogen of
2-PBN-OMe relative to the two ortho-hydrogens of PBN. The other PBN
compounds possessing both ortho-hydrogens gave chemical shifts typical
of aromatic protons nearest an electronegative center. The downfield
shift for 2-PBN-OMe was a result of deshielding of the ortho-proton by
the proximate nitronic oxygen as a result of hindered rotation about
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the nitrone carbon-phenyl bond. Koyano and Suzuki studied the 
*H-NMR spectra of some 4-substituted 2-methyl analogues of 
a,N-diphenyl nitrone and obtained similar downfield shift behavior
from the single ortho-proton of each compound relative to the non-
methylated compound. The proton chemical shift data are completely
consonant with the electron-withdrawing nature of the nitrone 
152
function. The deshielding effects felt by the protons ortho to the 
nitrone group were quite evident in the ^H-NMR spectra. In this 
regard, Moskal and Milart^^ have shown through chemical shift 
data that the nitrone function is comparable to the nitro function in 
terms of its electronegativity. Support for this is apparent in the 
^H-NMR spectral data for the aromatic' protons of PBN-NO^. The two 
sets of doublets, differing by only 0.21 ppm, could not be properly 
assigned due to similarities in the electronic behavior of the nitro 
and nitrone groups.
The IR spectra of these aromatic aldonitrones showed the 
characteristic strong C=N and N-0 absorption bands (stretches). In 
these compounds the C=N absorption band was affected by the various 
ring substituents such that significant shifts were recorded for these 
bands (1590-1510 cm *). However, for the majority of these nitrones, 
the assignment for the N-0 stretch was uncertain since two equally 
intense bands were observed in the 1200-1100 cm * region. The N-0 
stretch could be assigned by comparison of the IR spectra of PBN and 
its hydroxylamine derivative, as previously done for the alicyclic 
systems. The hydroxylamine derivative of PBN, N-benzyl-N-tert-butyl- 
hydroxylamine, could be prepared by reduction of PBN with lithium 
aluminum hydride.
The mass spectral data for PBN and its derivatives showed the 
correct molecular ion masses, none of which were base peaks in the
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spectra. The major Ion fragments for most of these compounds were
tert-butyl (m/e 57) and (M-56). Except for PBN-Me^» one of these two
ions represented the base peak for these aromatic nitrones. The
(M-56) ions represented the oxime fragments of PBN and its
derivatives. These fragments were attributed to a Cope thermal
52
elimination reaction (below) common to tertiary amine N-oxides.
This type of elimination reaction is general for those nitrones 
containing the necessary 6-hydrogen atoms. The loss of the 
isobutylene molecule (C.H0), therefore, represented the mass unit of
H O
56 for these compounds.
Ar
h3cach3
■+
Ar. OH
1/
' +
+ (CH3)2C=CH2
m/e = molecular M"^ ~-56 56
ion
The first mass spectral report on this fragmentation pattern from
153nitrones was shown by Leyshon and Wilson. Their later report
154 155identified this type of fragmentation as a Cope reaction. Boyd
reported similar behavior for the N-alkyl-substituted nitrone
156
derivatives of 9-fluorenone. One year later, Sommermeyer et al.
showed that this reaction was prevalent for PBN and its para-
substituted derivatives at 110°C in tetrachloroethylene. Later, Boyd 
148and Neill measured the relative rates of thermal elimination for
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the 9-fluorenone nitrone systems and found that the relative rates for 
N-tert-alkyl derivatives were faster than for the primary and 
secondary derivatives.
The majority of the tert-butyl ion fragment (m/e 57) could not 
have been obtained by a Cope elimination pathway. For this to have 
occurred, the efficient addition of a proton to isobutvlene would have 
been necessary. For the particular nitrones giving rise to the very 
large abundances of the tert-butyl ions, the (M-56) ions were 
considerably less prominent in the spectra. Apparently, a different 
primary mode of fragmentation must be available. For each of these 
nitrones, an N-C bond cleavage with subsequent loss of an electron 
would seem like a plausible explanation for the large abundance of 
the tert-butyl ion. The gain in translational entropy that would 
accompany this reaction, along with the formation of the stable 
iminoxyl and tert-butyl radicals, would support the mass spectral 
results. In accord with this, Goodrow et^  ad. showed that two 
decomposition pathways were available to N-tert-butyl nitrones under 
thermal conditions: (1) the previously mentioned concerted Cope 
reaction and (2) a homolytic C-N dissociation reaction.
For the para-substituted PBN compounds, no particular substituent
effect was evidenced in the mass spectral data to suggest a specific
fragmentation pattern. However, the data for 2-PBN-OMe and PBN-Me^,
indicated that the Cope reaction was not a viable pathway for these
two nitrones. No (M-C.H_) ion was observed with PBN-Me„, while only a
4 o
5% relative abundance of this ion was found for 2-PBN-OMe. The Cope 
reaction requires a planar cyclic 5-member transition state. With
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2-PBN-OMe and PBN-Me^j the ortho-substituent(s) effectively prevented
formation of the planar transition state. Completely eliminating the
Cope reaction pathway by steric hindrance in PBN-Me^ did not lead to
the expected rise in the tert-butyl ion fragment (m/e 57). Only a 12%
relative abundance of this ion was observed. The base peak was
tentatively assigned to a C,H„(CH_)_CHO ion fragment. For 2-PBN-OMe,b I j j
there were two base peaks: m/e 119 (100%) and 57 (99%). The ion at 
m/e 119 was tentatively assigned to a C^H^NCO fragment. Another major 
fragmentation pathway may be operative for these sterically-hindered 
nitrones.
It was interesting to discover that the two PBN salts, the iodide
and chloride salts of PBN-NMe3+, could be observed in the mass
spectrum, albeit indirectly. Initial formation of the methyl halides
and PBN-NMe2 occurred, followed by ionization and fragmentation of
these compounds. Both salts analyzed correctly for PBN-NMe2 and for
their respective methyl halide. Some of the other prominent ions
frequently observed in the mass spectra for PBN and its derivatives
were M+-t-BuNC0, t-BuNHOH (m/e 89), C,Hc (m/e 77), CLH.. (m/e 41), and
—  —  b 5 j j
C3H3 (m/e 39).
The ultraviolet absorption spectra of PBN and its derivatives
were more complex than those of the cyclic nitrones owing to the
aromatic nucleus and the ring substituents. Electronic absorptions
*
arising from the aromatic ir -*■ it transitions in conjugation with the
nitronic function and certain other ring substituents were observed in 
158the 300 nm region. Transitions originating from the nitrone 
function were observed in the 230 nm region and were always less
159intense than the aromatic transitions. Wheeler and Gore originally
assigned the absorption bands of phenyl-substituted nitrones in the
230 nm region to electronic transitions within the benzene nuclei.
Kamlet and K a p l a n , i n  a report on the absorption spectra of phenyl
nitrones, were in agreement with these assignments. Later, Delpierre 
42
and Lamchen observed these absorptions in some 1-pyrroline-N-oxides 
containing no phenyl substituents and properly assigned these 
electronic transitions to the nitrone system. The report by Kaminsky 
and Lamchen"^ was further evidence for these transitions.
The hypsochromic shifts observed for the nitronic absorptions of 
the aldonitrones in going from nonpolar to polar solvents were less 
pronounced than those of the cyclic nitrones, apparently due to direct 
interaction of the aromatic electrons with the nitrone function. The 
small bathochromic shifts displayed by PBN-Nl1^  were not observed for 
the other nitrones possessing electron-donating substituents such as 
PBN-OMe and PBN-OH. In going from hexane (nonpolar) to ethanol 
(polar), the ground-state stabilization (via resonance) was the 
greatest for those nitrones with electron-donating groups para to the 
electron-withdrawing nitrone function. DoPBN and PBN-OH could not be 
completely evaluated due to their total insolubility in water and 
hexane, respectively. The anomalous behavior of PBN-NMe2 is 
inconsistent with this trend for reasons that remain unclear. A 
solvent effect was not observed in the nitrone absorption band of 
PBN-NO2 . This particular band appeared bathochromically-shifted 
(250 nm) relative to the usual nitronic absorption region, possibly 
because of overlap with the absorption band of the nitro group
77
(A = 260 nm for nitrobenzene in ethanol).*^** The aromatic max
absorption band for PBN-NO^ was significantly bathochromically-shifted
from the usual conjugated aromatic region and was solvent dependent
(hypsochromic shift with increasing solvent polarity). The two PBN
nitrone salts, both possessing the strongly electron-withdrawing
trimethylammonium groups (via induction), did not show the same
absorption behavior as PBN-NC^. Because of their complete
insolubility in nonpolar solvents, these salts were studied in aqueous
solution. The sterically-hindered nitrone, PBN-Me^, gave only one UV
absorption band that showed distinguishable and uniform hypsochromic
shifts in proceeding from nonpolar to polar solvents. This band
(^265 nm) was dramatically bathochromically-shifted from the usual
nitronic absorption region and hypsochromically-shifted from the
conjugated aromatic region. It has been shown that steric hindrance
to resonance caused by substitution at both ortho-positions of the
ring can result in the disappearance of .electronic transitions from
162
the conjugated aromatic system. Consequently, this single band was 
assigned to the nitrone function without an understanding of the 
nature of the bathochromic shift. On the average, more absorption 
bands were observed for the nitrones dissolved in hexane than in 
ethanol or water. This is due to the fact that solution spectra of 
aromatic compounds in nonpolar solvents most nearly resemble those in 
the vapor state where fine structure appears. With increasing solvent 
polarity the spectra suffer a loss in vibrational structure due to 
solute-solvent interactions.****
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Previous Work
Three general methods were known for the synthesis of acyclic 
aromatic aldonitrones prior to the development of a simplified,
of an aldehyde into an imine followed by oxidation to the cyclic 
oxazirane and final rearrangement to the isomeric nitrone. The second 
method was the direct addition of a hydroxylamine compound to the 
corresponding aldehyde. Lastly, the N-alkylation of oximes derived 
from aldehydes has been employed in a few cases. These three 
procedures for the synthesis are important routes that serve to 
demonstrate the diversity by which aldonitrones can be constructed.
Other less frequently used synthetic routes to nitrones have been
4  ^ 4 42,43,163summarized in three review papers.
The oxazirane route to aromatic aldonitrones was the first route 
devised for these compounds due to the ease of formation of the 
intermediate imines (or Schiff bases). The imines are readily 
produced in high yields (usually >80%) by the condensation of the 
appropriate aromatic aldehyde with a primary amine.
one-step method in this laboratory 163 The first involved conversion
Ar-CHO + R-NH2
-h 2o
* Ar-CH=N-R
A
0- 
| +
Ar-CH=N-R
hv
imine oxazirane nitrone
Oxidation of imines with organic peracids is the most facile method
for the preparation of oxaziranes (or oxaziridines). The early
129use of peracetic acid as oxidant by Emmons in his pioneering
studies of oxaziranes required the hazardous 90% hydrogen peroxide
with acetic anhydride. Anhydrous conditions being essential, this
reagent caused some acid-catalyzed hydrolysis of the imine or
oxazirane to the the aldehyde and amine (or hydroxylamine). The more
manageable 30% solution could be used in its place but with a
decreased yield due to more extensive hydrolysis. Thus, the
success of this reagent depends on the stability of the parent imine
and resulting oxazirane to the acidic c o n d i t i o n s . meta-Chloro-
perbenzoic acid (MCPBA) is the oxidant of choice since anhydrous
conditions can be maintained for the reaction and high yields (>60%)
172 173can normally be obtained. ’ The use of (+)-peroxycamphoric acid
174(PCA) was shown by Boyd and Graham to give comparable or better
yields of oxaziranes in comparison to the other available peracids.
The PCA and MCPBA oxidants have the advantage of being soluble in
dichloromethane while the resultant carboxylic acid auxiliary products
separate during the r e a c t i o n . N o t e w o r t h y ,  some liquid
oxaziranes are known to be unstable at higher temperatures thereby
129
making their purification by distillation procedures unfeasible. 
However, this is not of crucial importance since these compounds are 
intermediates to the final nitrone products.
Bacon et al., in attempts to prepare some a-aryl-N-tert-butyl 
nitrones by way of the oxazirane route, found that contamination of 
the intermediate imines and oxaziranes with the starting aldehyde was
80
always a major problem using the anhydrous MCPBA reagent. Due to the
incomplete reaction or hydrolysis of the imine, the separation of the
aldehyde from the two intermediates was difficult.
In contrast, the alternative method involving the direct
condensation of the appropriate benzaldehyde with N-tert-butyl-
hydroxylamine gave better conversions to the aromatic nitrones
177(26-66% crude yields). Ogata and Sawaki, using perbenzoic acid,
reported that significant amounts of nitrones were formed (in
competition with oxaziranes) from imines bearing electron-donating
substituents on the aromatic ring. On the other hand, imines
containing electron-withdrawing substituents yielded oxaziranes as the
predominant or exclusive products. Aprotic and protic solvents
favored nitrone and oxazirane formation, respectively. These workers
proposed that oxaziranes were formed by attack of the peracid from
above or below the imine molecular plane (orthogonal attack of the
ir-bonding electrons of C=N) . The nitrones resulted from the direct
electrophilic attack along the molecular plane at the nitrogen
178lone-pair electrons (coplanar attack). Boyd et^  al. were in
agreement with these mesomeric (or electronic) effects. They
attributed this activity to the fact that electron-donating
substituents would increase the electron density at nitrogen thereby
favoring N-oxidation. Concomitantly, the reactivity of the C=N bond
to addition of the peracid would be reduced. Another factor, a steric
requirement, was seen as important. Permethylated benzaldimines
178
favored nitrone formation overwhelmingly. Boyd e£ al_. suggested 
that the ortho-groups hindered the approach of the peracid to the
imino carbon atom. In their paper involving the geometrical isomerism
179displayed by a-polymethylaryl-N-alkyl nitrones, they reported the
synthesis of these compounds in greater than 80% yield by the MCPBA
oxidation of the corresponding imines. It was noteworthy that for all
of the requisite imines undergoing the oxidation, both ortho-positions
of the aryl ring were methylated. Thus, the usual oxazirane route was
not operative as previously noted for these hindered systems. Other
non-related, sterically-hindered imines have been shown to yield
nitrones exclusively upon MCPBA o x i d a t i o n . O b v i o u s l y ,  the
peracid route to nitrones can be reduced from three to two steps
depending upon the effects from ring substituents acting in either an
electronic or steric fashion. Nevertheless, although overall yields
are generally quite good, incomplete conversions or contamination with
starting aldehydes are the main problems associated with this
synthetic procedure.
Oxaziranes can be isomerized thermally to nitrones in inert
180solvents: commonly, toluene or acetonitrile. Yields ranging from 
quantitative to 70% normally result and recent studies have shown that 
this thermal rearrangement is facilitated by electron-donating
181
substituents on the phenyl ring of 2-tert-butyl-3-aryloxaziranes.
The acyclic nitrones and the cyclic 1-pyrroline-N-oxide compounds can
be isomerized back to the oxaziranes upon irradiation with ultraviolet 
149 182—187light. * This route to oxaziranes has sometimes been used in
those cases where the nitrones are more easily accessible than the 
corresponding oxaziranes.
Recently, the preparation of aldonitrones has involved the 
condensation of aldehydes with N-substituted hydroxylamines.
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0-
 ► l +
R-CHO + R ’-NHOH _^_____ R-CH=N-R' + H20
This procedure results in relatively high yields (>70%). However, the
hydroxylamine has typically been prepared by reduction of the nitro
126127 125
compound with Al/Hg amalgam ’ or activated zinc and then is
purified prior to the condensation with the aldehyde. Removal of the
water generated during the reaction is generally quite important for a
successful preparation. The alkyl nitrones (R = alkyl) are more
susceptible to the reversible hydrolysis reaction than the aryl
188' nitrones (R = aryl). As a result, many of the syntheses of
aromatic nitrones (PBN type) used in spin-trapping studies were
189—191
performed without removal of the water generated. To the
contrary, great care has been exercised in the preparation of alkyl
nitrones and drastic measures have been used to ensure dry 
138 139 141conditions. ’ ’ The generally accepted means for eliminating
water during these reactions, and thereby driving the reactions 
forward, involves either a Dean-Stark trap or suspended sodium sulfate 
in dichloromethane.** As described previously, our work on the 
synthesis of PBN and some of its derivatives used the direct 
condensation method with the Dean-Stark trap.
The alkylation of oximes derived from aldehydes (i.e., aldoximes) 
and ketones (i.e., ketoximes) has been used infrequently in the
83
preparation of aldonitrones and ketonitrones, respectively. One major
and well-established drawback to this synthetic method concerns the
O-alkylation by-product that is invariably obtained whenever oximes or
192
oxime anions are reacted with alkyl halides.
0- 
1 +
Ar-CH=N-0 + R-X ----- >■ Ar-CH=N-R + Ar-CH=N-0R + X
Due to the ambifunctional nucleophilic character of oximes, both Al­
and O-alkylation reactions occur to yield nitrones and oxime ethers, 
respectively. For a ketoxime not displaying geometrical isomerism, 
benzophenone oxime (sodium salt) gave typical 0/N ratios ranging from 
2-4. Changes in the reaction conditions or variations in the alkyl
halides, oximes, or spectator ion of the oximates employed have failed
193to effect the ratio of N- and O-alkylation significantly. However, 
Buehler^^ found that Z-benzaldoximate (sodium salt) upon reaction 
with variously substituted alkyl halides gave almost exclusively the 
N-alkylation product, while the E-isomer salt gave largely 
O-alkylation product with the 0/N ratio dependent on the alkylating 
agent.
In summary, a variety of aldonitrones have been successfully 
prepared, purified, and characterized. The alicyclic 5-member ring 
nitrones (DMPO and TMPO and its derivatives) were prepared from a 
procedure, or modifications thereof, developed by Todd and
1 2co-workers. ’ The reaction steps involved a Michael condensation to 
yield the y-nitrocarbonyl compound, subsequent reduction with zinc and 
mild acidic, aqueous ammonium chloride to yield the cyclic 
intermediate nitrone, a Grignard addition reaction to give the 
hydroxylamine, and finally copper-catalyzed aerial oxidation of the 
hydroxylamine to provide the aldonitrone. Poor overall yields were 
obtained primarily as a result of the initial Michael condensation 
reaction in the 3- or 4-step synthetic routes. We found that cesium 
fluoride in methanol could serve as an effective base catalyst for 
these condensations. The final aldonitrones are well-characterized by 
^H-NMR and IR. The nitronic proton absorbs downfield about 6.7 ppm, 
far-removed from other protons in the NMR, and the C=N and N-0 
frequency stretches in the IR arise at 1570 and 1270-1240 cm \  
respectively. The acyclic aromatic nitrones (PBN and its derivatives) 
were prepared in overall good yields using two procedures that 
involved the condensation of the appropriate aromatic aldehyde with 
N-tert-butylhydroxylamine. The facile, one-step synthesis developed 
in this laboratory is very attractive since the requisite 
hydroxylamine is prepared in situ (mild reduction of the nitro 
compound with zinc and acetic acid in aqueous ethanol), thereby 
eliminating the need to prepare it separately before use. Also, with 
this method large.quantities of PBN and some derivatives can be 
prepared without contamination from starting aldehyde. The procedure 
works well with PBN and derivatives that do not contain strongly 
electron-donating substituents, sterically-hindering ring substituents 
occupying both ortho-positions, and substituents which are capable of
undergoing reduction in the mild reducing reaction medium. For these
derivatives the established procedure in which the hydroxylamine is
directly reacted with the aromatic aldehyde can generally be used to
obtain the nitrones devoid of starting aldehyde. However, reduced
yields are expected due to the prolonged reaction times necessary to
drive the reaction to completion. Analogous to the cyclic
aldonitrones, the acyclic aromatic aldonitrones may be confirmed by
^H-NMR and IR. Their nitronic and tert-butyl proton resonances occur
as singlets about 8-7 and 1.6 ppm, respectively. The C=N and N-0 IR
absorptions occur at 1590-1510 and 1200-1100 cm respectively.
Preliminary results show that the new, one-step nitrone procedure can
also be applied to the synthesis of ketonitrones. However, as
reported previously these compounds are unstable to oxygen and water
thereby hindering their synthetic utility. Finally, we found that the
new procedure could not be applied to the synthesis of the cyclic
16
nitrones, in contradiction to a recent report by Haire et al.
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CHAPTER III 
SPIN-TRAPPING STUDIES OF NITRONES BY EPR
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INTRODUCTION
In the free-radical studies, aldonitrones served as the spin- 
trapping agents since they react with free radicals to yield EPR- 
active nitroxides.
0- O' 0:-
+ | | +
R-CH=N-R' + X'  ► R-CH-N-R1 •<----->■ R-CH-N-R'
I " I •
X X
In an EPR experiment the resonance condition is satisfied by the
1 2fundamental equation ’
AE = hv = gBH
where h is Planck's constant, v is the fixed microwave frequency, g is 
a dimensionless constant known as the g-value which varies for each 
spin-active nucleus, B is the electronic Bohr magneton, and H is the 
applied magnetic field. Although either the frequency or the magnetic 
field can be varied in NMR spectroscopy, the magnetic field in EPR 
spectroscopy is scanned at a constant microwave frequency to induce 
the electronic transitions between energy levels (AE) of a free 
radical.
For nitroxides, the energy levels of the electron are split by 
the nitrogen nuclear spin, the magnitude of this interaction being 
measured by the nitrogen hyperfine splitting (or coupling) constant 
a^ in gauss (G) units. The magnetic field strength is measured in 
gauss units. The resonance frequency of the electron at a field 
strength of 10,000 G is 28,025 Hz; for the hydrogen atom the resonance
condition is met at 506.82 G and 1420.4058 Hz.^ The value of a.T canN
3 4be predicted by the McConnell equation: ’
= QP>
where Q is a proportionality constant estimated to be 22.5 G 
(calculated from the benzene radical anion) and is the electron 
spin density on the nitroxyl nitrogen atom. Also, because the nitror.e 
spin traps possess a spin active 8-hydrogen atom (two bonds away from 
the nitrogen atom), all radicals trapped by these diamagnetic 
compounds will give rise to further EPR splittings of the paramagnetic 
nitroxide. This electronic interaction is believed to be due to 
hyperconjugation:^ ^
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Although the above diagram presents a rather simple picture of a 
complex interaction, a valence bond or a linear combination of atomic 
orbital (LCAO) approach provides a rigorous explanation of how the odd 
electron may penetrate directly into the hydrogen Is orbital. The 
overlap of the C-H a-bond orbital with the nitrogen p-orbital 
containing the odd electron gives rise to the B-hvdrogen hvperfine
g
splitting constant a^ . The magnitude of this splitting for any
3 Aradical is given by the Heller-McConnell equation: ’’
where 0 is the dihedral angle between the two orbitals,
PN is the spin density on the nitroxyl nitrogen, B is a 
proportionality constant for each radical, and Bq is a solvent-
g
dependent factor and is equal to a^ when 0 = 90°. For nitroxides, 
= 0.5, Bq = 0, and B = 52 G, so that
a^  = 26 c'os^ 0
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A cos © dependence of the splitting is expected for coupling caused by 
hyperconjugation. The average dihedral angle may be estimated from 
the splittings in the spectrum of the nitroxide: according to the 
above equation, small splittings correspond to large angles. The 
angle is a measure of the stereoelectronic characteristics of a given 
radical.
In spin-trapping studies the identity of the trapped radical is 
deduced primarily from the nitrogen and hydrogen splitting constants 
of the corresponding nitroxide. These are measured from the line 
spacings in the spectra in gauss or millitesla (raT) units (10 G =
1 mT). Other factors that may help in identification of the spin
adduct include the g-value and the line-widths of individual lines in
the spectrum. The g-value for an electron is analogous to the 
shielding factor in NMR and depends on the chemical environment.^ 
Although the g-values reflect the distribution of spin in a free 
radical, little emphasis has been placed on them in the interpretation 
of spin adduct spectra because the differences in g-values for various
g
spin adducts are usually small. With the various acyclic and cyclic 
dialkyl nitroxides examined in our studies, no significant differences 
in the g-values were observed. In fact, our results showed that even 
oxygen- and carbon-centered radical adducts could not be 
differentiated by their respective g-values. For nitroxides derived
from nitrones, the radical that is trapped is apparently too far
removed from the nitroxyl center to have a significant effect on the 
g-value. This situation, however, would be different for nitroxides 
derived from nitroso compounds.
Low concentrations of most nitroxyl radicals in low viscosity, 
homogeneous solution show isotropic spectra at room temperature. 
Because of the rapid, free tumbling of radicals in organic solvents 
and water, the EPR spectra for these radicals usually display very 
well-resolved lines. The widths of the lines are governed by such
factors as the amount of residual oxygen remaining in solution after
9 10degassing, the concentration of free radicals in solution, and
the effects of ill-resolved, long-range coupling to distant magnetic 
11 12nuclei. ’ On the other hand, in high viscosity solvents and in
heterogeneous solution (i.e., micelles and vesicles), these radicals
will show anisotropic s p e c t r a . T h e  line-widths will be much
broader compared to isotropic spectra, especially for the high-field
component signals. This is due to slow or hindered rotations of the
radical in these viscous environments. The presence of dissolved
9
oxygen in a sample will also tend to broaden the spectral lines, so 
that long-range or even short-range coupling with spin-active nuclei
g o  8
(if a^ = a^ , a^ = 2a^ , or 28^ = a^ ) may be hidden from observation.
Therefore, molecular oxygen must be excluded by degassing before EPR
analysis. Because oxygen is a natural spin-active triplet molecule,
relaxation rates for radicals are larger (i.e., relaxation times are
very short) in the presence of oxygen. The use of dilute solutions of
radicals is advisable, since high concentrations cause interaction of
electronic spins resulting in broadened lines.^ Approximate
concentrations of nitroxyl radicals generated in spin-trapping
-4 -6mixtures are typically 10 -10 M.
The number of calculated lines in the EPR spectrum is 
i 13
II 2n^I^ + 1, where n is the number of magnetically equivalent EPR-
active nuclei (N and H of primary concern) that can overlap with the
electronic spin and I is the nuclear spin (N = 1 and H = 1/2). The
relative intensities of the lines are determined by the binomial
coefficients. Occasionally, the calculated spectral lines do not
coincide with the observed lines. This can be due to several factors
including electronic overlap from distant, active nuclei not taken
into account in the calculation, fortuitous overlapping of lines
giving a lesser number, and trapping of more than one radical in a
mixture to produce more hyperfine splittings than expected. The
experimental spectrum, therefore, may not be simple to interpret. A
computer simulation is sometimes required to help verify the radicals
14that have been trapped. Nuclei with spin three bonds or more away 
from the nitroxyl function usually do not contribute extra lines to 
the EPR spectra of nitroxides when an ordinary X-band instrument 
(^9.5 GHz frequency) is employed. For a nitroxide in homogeneous 
solution, a resolution of about 1 G can be obtained with this 
instrument. Consequently, the long-range electronic-nuclear coupling 
appears as broadened spectral lines. Smaller splittings can be 
observed with a high-resolution Q-band instrument (higher frequencies, 
^35 GHz with about 20 times greater sensitivity than X-band)^ or in 
certain circumstances with an X-band instrument using very low 
modulation settings.
In nitroxides, overlapping lines from the nitroxyl nitrogen atom 
and the hydrogen atom(s) of short-range distance occur more frequently
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than expected. Often a change of solvent polarity can cause splitting
patterns to emerge that agree with the calculated patterns. The
dependence of nitroxide EPR spectra on solvent polarity is well- 
16-21
established. The effect of the medium on the hyperfine splitting
g
for the nitrogen and hydrogen atoms is quite pronounced. Perkins 
reports that the a^ value may increase by almost 20% on transferring a 
given nitroxyl radical from a hydrocarbon solvent to water. We have
g
observed this effect for both the a^ and a^ values in the cyclic and 
acyclic nitroxides. The nitroxide function is frequently represented 
as a hybrid of the two structures:
+ “
- N— 0: -<------->- - N— 0: (or - N — =-0:)i i •• i
A B
*
Thus, the unpaired electron in nitroxides is located in a ti -molecular
g
orbital involving the nitrogen and oxygen atoms. The result of this 
electron delocalization is a relatively stable structure.. No 
splitting can occur with the oxygen atom since its nucleus is 
spin-inactive. The spin density on nitrogen is normally about 0.5. 
However, this value can vary depending on the relative populations of 
A and B. The dipolar structure B is favored in more polar solvents. 
Increasing the electron density on oxygen would concomitantly increase 
the spin density on nitrogen and hence the magnitude of the nitrogen 
and hydrogen splittings.
Various chemical methods can he used to confirm the
22
identification of a spin adduct. The review by Janzen et al. 
outlines seven possible routes for assigning spin adduct spectra.
We employed four of these techniques in our studies: (1) nucleophilic 
addition routes to nitroxides, (2) oxidation of hydroxylamines, (3) 
use of different radical precursors to generate the same radical, and 
(4) deuterium-isotopic substitution. The first three provide 
standards for comparison with the unknown adduct. Nucleophiles are 
known to react at the nitrone center to give nitroxides following 
one-electron oxidation.
0-  0 :- 
l+ _ I
R-CH=N-R' + X:  ► R-CH-N-R'
I
X
The intermediate cyclic hydroxylamines can be oxidized to yield
hydrogen-atom adducts of the corresponding nitrones. Unambiguous
identification of a spin adduct can also be made by generating and
trapping the same radical from more than one source. This
alternative approach is convenient as well as cheap if enough radical
sources are available. Deuterium (I = 1) substitution is frequently
used in EPR spectroscopy to aid in the identification of a particular
radical. The natural abundance of deuterium is too low to yield
4
observable hyperfine structure. A single deuteron gives a triplet 
splitting while a proton gives a doublet splitting. However, if all 
other factors are identical, the deuteron splitting is only one-
0
[0] I .
R-CH-N-R’
I
X
seventh that of the proton splitting (i.e., g^ /g,. = 0.857/5.585 =
D H
0.153, where g^ is directly proportional to the nuclear magnetic 
moment).
Interpretation of spectra in spin-trapping studies can be 
difficult, especially when a mixture of spin adducts is formed. In a 
typical solution, several components are usually present including the 
spin trap, radical precursor(s), buffers, solvent, etc. Under normal 
radical-generating conditions (photolysis or thermolysis), nitroxides 
other than the products of the radical reaction under investigation 
may be produced from side or secondary reactions. These minor, 
secondary radicals can compete with the major radical of interest for 
the spin trap. The use of an excess of spin-trapping agent can 
usually be effective in preventing or reducing these secondary radical 
events. If more than one radical is generated and trapped to give 
stable spin adducts, the spectrum can present a complex pattern.
Also, these reactive radicals can react with solvents containing 
reactive hydrogens (e.g., alcohols), aromatic solvents, or other 
solvents to yield solvent-derived radical adducts. Consequently, one 
must be aware of the possible reactions of each system being 
investigated and take care to design suitable control experiments.
Kinetic data for spin-trapping reactions of radical/nitrone pairs 
have become more available in the last decade. Two kinetic steps are 
studied: (1) addition of a particular radical to the spin trap to form 
the adduct (i.e., formation rate) and (2) decomposition of the adduct 
to non-radical products (i.e., decay rate). Free radicals of diverse 
type react efficiently with nitrones with second-order rate constants
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5 9 —1 —1 R ? '■I 9 A
of 10 -10 M s  at room temperature. ’ ’ These Include
, , i 25-29 .. i 30,31 , . . 32 „  , 33-38hydroxyl, alkoxyl, benzoyloxyl, alkyl,
26 39 40 25hydroxyalkyl, and phenyl * radicals as well as hydrogen atoms.
The trappings of superoxide radical anion (O2 ' ) and the hydroperoxyl
radical (HC^*) in aqueous solution are reported to be slower, 10 and
™-1 -1  ^ 1 41,42 ,10 M s , respectively. Another reactive oxygen species,
singlet oxygen (^C^), is reported to react with nitrones at an 
8 “ 1 —Iefficient rate (10 M s ); however, no spin adduct formation is
w J 43-45observed.
Most absolute rate constants for radical addition to nitrones 
have been determined indirectly via competition methods. In one 
method the spin trap and a substrate possessing an easily abstractable 
hydrogen atom compete for the generated radical to yield a nitroxide 
and a substrate-derived radical, respectively. The substrate r'adical 
can then react with the same spin trap to give a second nitroxide.
The rate constant for formation of the substrate radical is known. A 
second competition method involves two spin traps. This method gives 
absolute rate constants if one nitrone/radical rate constant is known, 
or relative rate constants if neither of the rate constants is known. 
Both competition methods assume that the two spin adduct spectra do 
not totally overlap so that an individual signal from each nitroxyl 
radical can be traced over time.
Decomposition of the spin adducts depends primarily on two 
processes in the presence of excess spin trap to scavenge the 
radicals: (1) irreversible bimolecular self-reaction (i.e., 
disproportionation) to yield EPR-inactive hydroxylamines and
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nitrones different from the starting structure
O' OH 0-
I 1 +
2 R-CH-N-R' ----- >■ R-CH-N-R' + R-C=N-R'
X X X
and (2) radical addition to nitroxides to yield EPR-silent 
O-substituted hydroxylamines.
0" OX
I I
R-CH-N-R' + X' ------>• R-CH-N-R'
I I
X X
The loss of the EPR signals with time due to disproportionation
follows second-order kinetics, while the radical addition decay will
obey first-order kinetics. The new nitrone by-products can
subsequently compete with the spin traps for radicals (X = H) to give
more stable nitroxides, which lack 8-hydrogens and cannot
disproportionate. These dialkyl nitroxides give triplet signals
46with typical, solvent-dependent a^ values (i.e., 13-18 G).
Besides the competition methods, the half-life technique for
obtaining the rate of decay and growth of spin adducts is used in 
spin-trapping. Rate constants for the nitroxyl radical decay are 
scarce owing to the multiple decomposition pathways available. Hence, 
the half-life ^or t*ie exponential decay of the nitroxyl radical
is generally used to obtain a good approximation of the overall decay.
Ill
Likewise, the half-life for the exponential growth of an adduct can be 
determined. We examined the decay kinetics of certain spin adducts to 
determine their relative stabilities in homogeneous and heterogeneous 
solutions. The growth of the spin adducts upon photolysis or 
thermolysis of radical precursors was too rapid to measure.
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ALTCYCLIC NITRONES
Introduction
The spin-trapping characteristics of the alicyclic 5-member ring 
nitrones, DMPO and TMPO and its derivatives, were investigated by EPR 
spectroscopy. These studies were generally performed in homogeneous 
solution, with a few radical trappings being examined in micelles. A 
variety of carbon- and oxygen-centered radicals, as well as hydrogen 
atoms, were investigated with these traps. Radical addition to the 
symmetrical DMPO and TMPO traps gave typical spin adduct spectra 
characteristic of these systems.
+ X
0- 0
DMPO DMPO/X Adduct
+ X
0-
TMPO TMPO/X Adduct
Carbon-centered radicals gave doublet of triplet patterns (6 lines,
g
a^ > a^); oxygen-centered alkoxyl radicals gave triplet of doublet 
patterns (6 lines, a^ > a^ ) . Additionally, for the DMPO/alkoxyl spin 
adducts, further splitting from the long-range 6-ring hydrogen atom
A Y
>> a^ j ). Note that for the 
unsymmetrical spin traps, TMPO-C^ and TMPO-C^g containing a chiral 
carbon center, two isomeric adducts are possible upon reaction with 
any one radical.
Y
(a™ ) gave 12-line spectra (a„
fC
+  x '
■NT
R l + 
0-
L
R-
0 .
+
0 .
TMPO-R 
R t Me
TMPO-R/X Adducts 
X + H
diastereomeric nitroxides
The question arises, therefore, of whether such geometric nitroxide 
isomers are distinguishable by EPR. We found that the hydrogen-atom 
adducts of each of the unsymmetrical traps showed substantial 
magnetic non-equivalence of the splitting constants for the two 
6-hydrogens. This is because the C^-H bonds can assume different 
orientations with respect to the semi-occupied p-orbital. 
Essentially, the replacement of one methyl group at C-5 of TMPO with
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a long-chain alkyl group perturbs the angle of each C^-H bond so that
one 6-hydrogen is cis to the long-chain group and the other 6-hydrogen
is trans to it. We expected that the Cq-H bonds in isomeric spin
adducts (i.e., diastereomeric nitroxides where X ^ H) would also have
different orientations with respect to the semi-occupied orbital, and
thus would show substantially different values of the splitting
constants for their 6-hydrogens. Indeed, in our studies we found that
addition afforded both isomers for certain radicals. In other
instances, the radical addition was stereospecific and yielded only
one of the two possible geometric isomers of the resulting nitroxyl
47radical. Lee and Keana showed that addition of Grignard reagents to
pyrroline nitrones gives two isomers (cis and trans, where a chiral
center is present at C-5). The resulting hydroxylamine isomers were
isolated and characterized as their acetate derivatives. The major
isomer was assigned to the structure resulting from an initial
trans-addition to the long-chain group attached at C-5 (i.e., the less
48hindered side of the nitrone). Another report by Hideg and Lex 
supports this mode of addition for these systems.
We are aware of two other reports on diastereomeric nitroxides 
obtained in spin-trapping experiments. These reports concern 
diastereomers produced from nitrones by the trapping of prochiral 
radicals,
+ R'RCH*
N N CHRR'
|+ I *
0- o.
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and diastereomers produced from radical trapping with long-chain 
derivatives of DMPO, similar to our studies of TMPO.
>[* * U H 
0 .
49Kotake ££ al. showed that the trapping of carbon-centered radicals 
derived from prochiral alcohols with DMPO and PBN gave broad, 
asymmetric spectra (6 lines) in alcohol solution due to diastereomeric 
nitroxides. In toluene solution, resolvable or partially resolvable 
spectra (12-line patterns) were obtained. As expected, no asymmetry 
was observed in the spectra from the trappings of hvdroxyalkyl 
radicals derived from methanol and 2-propanol since these alcohols do 
not give prochiral carbon-centered radicals. The suggested assignment 
of the structure for each diastereomer was based on intramolecular 
hydrogen-bonding (6-member rings) in these systems.
Haire and Janzen"*^ reported diastereomeric nitroxides resulting 
from the trapping of tert-butoxyl radicals with derivatives of DMPO. 
However, their spectra could not be resolved because the line-widths 
were greater than the expected differences in the hyperfine splitting 
constants of the nitrogen and two hydrogen nuclei (6- and 
y-hydrogens). Evidence for the nitroxide isomers came from the 
asymmetry in the 12-line spectra, in contrast to the DMPO adduct 
which gave a symmetrical pattern.
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For the cyclic spin adducts examined in our studies, the values
for the 3-hydrogen splitting constants ranged from 4-28 G while those
for the nitrogen nucleus ranged from 12-16 G, typical of dialkyl 
46
nitroxides. A scatter plot constructed for the TMPO spin adducts in
Figure 1 beautifully illustrates the effectiveness of TMPO in
distinguishing various free radicals. A similar plot has been 
12 23
reported for DMPO. * As shown, the oxygen-centered radicals are 
clearly separated from the carbon-centered radicals and the hydrogen 
atom. The exception is the hydroxyl radical (in water) which will be 
discussed later. The hydroxyl radical in tert-butylbenzene solution, 
however, is located with the other oxygen-centered radicals. The type
g
of radical trapped has more dramatic effects on the a values than onn
the a., values.N
The large effect on the 6-hydrogen splitting constants for the
cyclic nitroxides has been attributed to stereoelectronic
22 A6 51characteristics of the trapped radical. * ’ The bulk (or steric
influence) of the trapped radical can affect the conformation of the 
spin adduct: theoretically, the C^-H dihedral angle will vary for each 
radical. Also, the electronegativity (or electronic influence) of the 
trapped radical can affect the spin density distribution on the 
nitroxyl function through an inductive influence on the dipolar bond. 
These stereoelectronic considerations have been used to rationalize 
the fact that cyclic nitrones distinguish various radicals better than 
acyclic nitrones. We believe, however, that a more rigorous 
explanation for the differences in the 3-hydrogen splitting constants 
can be made from the viewpoint of conformational effects. The smaller
Figure 1: Scatter plot for some spin adducts of TMPO.
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values for the oxygen-centered adducts compared to the carbon- 
centered adducts (about 1-2 G difference) are due to the electron- 
withdrawing inductive influence of oxygen from the trapped radical. 
Consequently, structure A with a greater electron density on nitrogen 
will be favored.
+  -
• • • •
—N— 0 : ■*------ >• —N— O: (or —N— 0 :)i •• i •• I ••
A B
Another example of the effect of electron density at the nitroxyl
52
nitrogen has been demonstrated by Church for various substituted 
phenyl adducts of DMPO. An excellent correlation of the a^ values 
with the Hammett o-constants for the phenyl substituents was obtained. 
However, no correlation was observed for the au values of the 
nitroxides.
We did preliminary tests of the radical-scavenging abilities of
each nitrone for some typical small radicals. Examination of the
spin-trapping characteristics of the cyclic nitrones with various
carbon- and oxygen-centered radicals in homogeneous solution revealed
some interesting facets concerning the conformations of the resulting
nitroxyl radicals and the mode of radical addition to the nitrone
center. For the hydrogen atoms, our investigations with the lipid-
soluble traps drew attention to similarities between some of the
observed spectra and the unusual spectrum reported by Hill and 
53-55Thornalley in their work on phenylhydrazine-induced hemolysis.
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Furthermore, we report new findings on the spin trapping of carbon-
centered alkyl radicals with the cyclic traps. Our initial
characterization of spin adducts obtained with the cyclic nitrone spin
traps revealed uncharacteristic EPR spectral patterns from carbon-
5 6centered radical adducts. Subsequent investigations clarified the 
interpretation of these results. In micellar solution we found DMPO 
to be an excellent spin trap for a variety of radicals, while TMPO was 
much less effective. The long-chain TMPO traps, however, gave no 
indication of radical scavenging in micelles.
Phenyl Radical
All of the cyclic nitrones were able to trap phenyl radicals 
effectively in more than one solvent when the lipid-soluble 
phenylazotriphenylmethane (PAT) was used as the radical source 
(Table II). Other phenyl radical precursors showed unusual behavior 
in their reactions with the nitrone traps. However, for DMPO three 
different sources of the phenyl radical afforded essentially the same 
spectrum in homogeneous and heterogeneous media. This provides 
compelling evidence that these spectra have been correctly assigned 
to the phenyl adduct. Two of the phenyl radical precursors, PAT and 
the water-soluble phenyldiazonium hexafluorophosphate (PDH), were 
synthesized and purified from known procedures as described in the 
experimental chapter (Chapter V). A typical phenyl radical spin 
adduct spectrum of TMPO-C^ in benzene is presented in Figure 2. In 
Table II, the differences in the nitrogen and hydrogen splitting
TABLE II
PHENYL SPIN ADDUCTS OF THE CYCLIC TRAPS3
Source^ Solvent Spin Trap
DMPO TMPO TMPO--C7 TMPO-C
, c 
-16
^N
6
% ^N
8
% ^N
8
^N
8
%
PAT 4>H 14.1 19.5 14.6 24.2 14.4 25.0 14.3 25.0
PAT Me2CO ,14.2 20.3 14.8 24.6 14.6 25.1 14.6 25.1
PAT MeCN 14.4 21.2 15.0 24.6 14.7 25.4 14.7 25.3
PATC SDS 15.5 23.0 15.9 27.0 NT NT
PATC Emulphogene 15.9 22:6 16.1 22.8 NT NT
PDH Me2CO 14.2 20.4 14.8 25.1 NT NT
PDH MeCN NT NT NT NT
PDH h 2o 16.0 24.7 16.4 28.0d — —
PDH SDS ' 15.5 23.2 NT NT NT
PDH Emulphogene 15.8 22.4 NT NT NT
<J>I <|>H 14.0 19.5 NT NT NT
<{>1 Me2CO 14.2 20.3 NT NT NT
*1 MeCN 14.5 21.2 NT NT NT
Source^ Solvent Spin Trap
DMPO TMPO TMPO-C-,
e e e
%  %  ^N ^H %
PH Emulphogene 16.0 22.4 16.0 23.0 NT
a hyperfine splitting constants in gauss units 
NT = no trapping of phenyl radicals 
b PAT = decomposition of (fi^ CN^  (photolvtic or thermal)
PDH = reductive decomposition of <J>N2+PFg (photolytic or thermal)
<|>I = photolysis of iodobenzene 
PH = oxidation of <|>NHNH2 
c solubilization in micelles was aided with a small amount of Me2C0
d short-lived spin adduct
TMPO-C
NT
Figure 2: EPR spectrum for the phenyl adduct of TMPO 
benzene.
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constants for each adduct are attributable to solvent effects. The 
£
large aN and a^ values for the trappings in water are anticipated for 
this highly polar medium. For DMPO, a small amount of hydroxyl 
radical adduct was formed from PDH due to hydration of the DMPO 
radical-cation (see below). The long-chain TMPO traps could not be
evaluated in water due to their total insolubility. Both Janzen and
12 55Liu and Hill and Thornalley have reported values for the DMPO
adduct (in benzene) in agreement with those reported in this work.
The values for the TMPO adduct (in benzene) are also in agreement with
those reported by Janzen et al.~^
The adducts formed from TMPO and its long-chain analogues have
slightly larger nitrogen splitting constants and substantially larger
8-hydrogen splitting constants than those of the DMPO adduct.
Apparently, the introduction of the two methyl groups at C-3 of the
5-member ring nitrone causes the phenyl group to adopt a more
equatorial position than with DMPO. Thus, the 8-hydrogen is left in
a pseudo-axial position that eclipses the semi-occupied p-orbital.
Furthermore, the spectra for the long-chain TMPO adducts were
consistent with only a single spin adduct. In the majority of the
spectra, the signals were sharp (lines-widths 1 G or less) ruling out
the possiblity of isomeric adducts with slightly different nitrogen
and hydrogen splitting constants. Consequently, we conclude that the
addition of the phenyl radical to the nitrone is stereoselective. The
addition must be very sensitive to steric effects and must occur from
the less hindered side of the spin trap (i.e., >99% cis to the
5-methyl group).
126
R l+
0- 0 .
Finally, the finding that the a^ values are independent of the alkyl 
chain length for the TMPO systems indicates that the long chains exert 
no effect on the 6-hydrogen.
The phenyl adducts spontaneously generated from PAT in 
homogeneous solution at room temperature were quite stable for several 
hours. However, photolysis (filtered UV) or warming of these 
solutions gave more intense spectra but a faster decay rate of the 
adducts. The appearance of the triphenylmethyl radical ((f>^ C') was 
noted in irradiated solutions of PAT. This radical sometimes gave 
strong, persistent narrow-line signals at about 3350 G (center) that 
obscured the fourth and fifth lines in the 6-line patterns for the 
phenyl adducts. It was never trapped since it is very bulky and 
greatly resonance-stabilized. Thermolysis (warming) or photolysis 
(filtered UV) of the PDH solutions was sometimes required to obtain 
the phenyl adducts. In some organic solvents, room temperature 
decomposition in the presence of the trap sufficed to give strong 
signals, which grew moderately in the dark. The adduct of TMPO in 
water was formed in poor yield, was very short-lived, and could only 
be examined spectrally with continuous photolysis.
127
Phenyl radicals could not be trapped when PDH was decomposed in
the presence of the cyclic traps in acetonitrile or the long-chain
TMPO derivatives in acetone. Instead, persistent nitroxides were
produced by an unknown mechanism and were assigned to the cyclic
hydroxamic acid radicals (acyl nitroxides or nitroxones) based on a 
- 58previous report.
0 .
TMPO-OX
In acetonitrile, DMPO gave a 7-line pattern and hyperfine splitting
Yconstants (a^ = 6.9 G and a^ = 3.4 G) in agreement with the values
58reported by Janzen et^  al^ . for this nitroxide. TMPO and its 
derivatives gave 3-line spectra (a^ = 6 .6 G in acetonitrile and 
a^ = 6.5 G in acetone).
This behavior contrasts with the results obtained using PAT. 
Different decomposition mechanisms must operate with the two radical 
sources in polar, aprotic solvents. In the case of PAT, homolytic 
cleavage with expulsion of nitrogen to give phenyl and triphenylmethyl 
radicals is well-established.-^»60 por £s probable that an
electron-transfer reaction occurs since PDH must be reduced to yield 
phenyl radicals.Additionally, acetonitrile and acetone are
excellent media to facilitate this process. It is unclear why DMPO
and TMPO but not the long-chain derivatives were able to trap phenyl
radicals with PDH in acetone. Nevertheless, for the traps that did
not give phenyl adducts, a yellow color appeared upon' addition of PDH
at room temperature to the degassed spin trap solutions. The color
was persistent and turned dark orange upon warming the solutions. A
control experiment showed that the spin trap was necessary to produce
the color. Similar behavior was also observed for the electron-rich
PBN derivative, PBN-NMe^, with PDH in water. A single electron-
transfer (SET) process involving the tributyltin hydride reduction of
62diazonium salts has been previously reported. We observed that a 
yellow color develops immediately when tributyltin hydride is added to 
an acetonitrile solution of PDH. For the traps that did give phenyl 
adducts with PDH, a lighter yellow color was noted. These 
observations suggest an SET process. Because nitrones are electron- 
rich (i.e., four ir-electrons distributed over three bonds), they are 
good candidates for oxidation reactions by an SET pathway. It appears 
that the TMPO traps are relatively easier to oxidize than DMPO and 
that the long alkyl chains attached to TMPO render the TMPO 
derivatives more susceptible to oxidation. Obviously, measurement of 
the oxidation potentials of these traps would confirm this conjecture. 
The source of oxygen for these oxidations is questionable. It may be 
residual oxygen present after degassing with argon.
An alternative phenyl radical source, iodobenzene, was used to 
verify the adduct spectra in acetonitrile and acetone. However, when 
degassed spin trap solutions containing iodobenzene were irradiated
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(filtered UV), only DMPO trapped phenyl radicals. The other traps 
gave the aforementioned, persistent acyl nitroxides. A large excess 
of iodobenzene produced the same results. Interestingly, TMPO in 
benzene gave a moderately weak 6-line pattern (aN = 12.9 G and
Q
a„ = 9.1 G) that was tentatively assigned to a solvent-derivedn
oxygen-centered radical adduct. The failure of TMPO and derivatives
to trap phenyl radicals from this source remains unexplained. It is
known that photolysis of iodobenzene causes rupture of the phenyl-
63—67 52iodine bond, giving a phenyl radical and atomic iodine. Church
has used this method to trap phenyl radicals with DMPO in benzene. It
is possible that the TMPO traps react more rapidly with the atomic or
molecular iodine produced in the reaction than with the phenyl
radicals. We showed in a separate experiment that TMPO reacts with
molecular iodine in benzene without photolysis to give the same
persistent nitroxide (a^ = 6.3 G). Photolysis (filtered UV), however,
caused a rapid diminuition of the nitroxide signal, which gradually
reappeared in the dark. Alternatively, the phenyl adducts of the TMPO
traps may be much more susceptible to oxidation by atomic or molecular
52iodine, as suggested by Church for the DMPO trap. If so, they could 
not be monitored by EPR.
In the sodium dodecyl sulfate (SDS) and emulphogene micellar 
solutions, DMPO and TMPO were equally effective in trapping phenyl 
radicals with PAT, giving isotropic spectra for the phenyl adducts. 
However, the long-chain TMPO derivatives gave no trapping. Spin 
adducts could not even be detected by disruption of the micelles 
containing the long-chain traps by addition of acetonitrile after
photolysis. Noteworthy, a small amount of triphenylmethyl radical was 
observed in the spectra which indicated decomposition of PAT. The
absence of signals from the hydrophobic traps was unexpected. Since
PAT is lipid-soluble, the phenyl radicals are generated in the micelle 
interior. Originally, we predicted that the hydrophobic traps would 
give more efficient trapping with this radical source than the 
hydrophilic traps. With the water-soluble PDH, only DMPO trapped 
phenyl radicals and the adduct signals were less intense than in 
water. Interestingly, the hydroxyl adduct (a^ = a^ = 14.9 G) was a 
major secondary nitroxyl radical in the DMPO spectra. Again, 
isotropic spectra were observed for the phenyl as well as hydroxyl 
adducts of DMPO. For the reasons already discussed, the absence of 
signals with TMPO and its long-chain derivatives is probably due to 
oxidation of these traps via SET to non-radical products. As in 
homogeneous solution the degassed micellar solutions of the long-chain 
traps developed a yellow color upon addition of PDH. With TMPO in 
SDS, a small amount of hydroxyl adduct was observed as a non-
O
resolvable 4-line pattern (a^ = a^ = 15.4 G). Since PDH is
hydrophilic, the generation of phenyl radicals occurs outside of the
micelle, predominantly in the bulk aqueous phase. Thus, we
anticipated that the hydrophilic traps but not the hydrophobic traps
would yield significant amounts of spin adducts with PDH. The
trapping results with PDH in micelles correlate well with the results
in homogeneous solution. A different water-soluble phenyl radical
generator that does not decompose via SET would have been more useful
68for these studies. Although Janzen and Coulter have synthesized
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such a compound (i.e., phenylazo-4-pyridyldiphenylmethane), 
partitioning experiments between water and benzene show that 98% is 
dissolved in the hydrocarbon phase. Consequently, it probably would 
not be suitable for our purposes.
It is likely that the hydroxyl adducts of DMPO and TMPO from PDH 
arise from the hydration of the nitrone radical-cations produced by 
SET.
ST + <J>N2+
The trapping of free hydroxyl radicals was ruled out since small
amounts of added ethanol did not inhibit the hydroxyl adduct 
41signals. The rate of reaction of the hydroxyl radical with
9 -1 -1ethanol is reported to be very fast (k = 1.8 x 10 M s ) yielding
69the a-hydroxyethyl radical which can be trapped by nitrones. 
Consequently, trace amounts of ethanol can effectively inhibit 
hydroxyl adduct formation if the spin traps react with free hydroxyl 
radicals. In order to achieve phenyl adducts, PDH must be reduced.^ 
The probable reducing agent is the spin trap. Although we depict the 
diazonium salt being reduced, it is quite possible that the phenyl 
cation could also be reduced following loss of molecular nitrogen from 
the salt. The exact mechanism for this process could be identified 
from a product analysis study. Free phenyl radicals would give
-* ST'
H2O 
-H+
ST/OH
<f)N 2"
<t>' — --► ST/d>
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biphenyl as by-product, while the phenyl cation would lead to phenol.
Spin-trapping experiments performed by Walter et_ al_. with
the acyclic lipid-soluble DoPBN have shown that the nitrone
functionality of this trap resides at the interfacial region (Stern
layer) of ordered systems. These conclusions were drawn from phenyl
radical trapping results with both the lipid-soluble PAT and the
water-soluble PDT (phenyldiazonium tetrafluoroborate) radical
precursors. In SDS micelles and DODAC (dioctadecyldimethylammonium
chloride) and lecithin vesicles, solubilized DoPBN trapped phenyl
radicals that were generated from PAT in the membranes and from PDH in
the bulk aqueous solution. Markedly broadened, anisotropic spin
adduct spectra were recorded, especially in the vesicle solutions. To
confirm the adduct structure, isotropic spectra were obtained either
by disruption of the micelles with acetonitrile or by extraction of
the adducts from vesicles with chloroform. Both radical sources
produced phenyl adducts in micelles and in the two types of vesicles
with essentially the same values for the nitrogen and 6-hydrogen
splitting constants (aM = 15.0 G and a = 3.2 G in disruptedN H
g
micelles; a„ = 14.8 G and aTT = 2.8 G after extraction from vesicles).
N H
Thus, DoPBN appears to possess amphiphilic characteristics, despite
f
being a water-insoluble spin trap. Since the long-chain TMPO traps 
are also expected to be amphiphilic, their lack of phenyl radical 
trapping in our experiments is perplexing.
Additional support for the interfacial location of DoPBN comes 
from Walter et al.^ UV absorption data indicate that the nitrone 
functionality of DoPBN resides in a region of the micelle having a
133
polarity comparable to that of ethanol: m^ax = 210, 223, and 224 nm in
pentane, ethanol, and SDS, respectively. Similar conclusions were
68
reached by Janzen and Coulter for PBN and two derivatives by
comparison of the nitrogen and g-hydrogen hyperfine splitting
constants of the phenyl adducts in various solvents and SDS micelles.
72Fluorescence studies conducted by Kalyanasundaram and Thomas on
pyrene-3-carboxaldehyde in various solvents showed a linear dependence
of this parameter with solvent polarity. They concluded from the
fluorescence results obtained with the micelle-solubilized probe that
the solvent properties of the surface of the micelle resemble ethanol
with the polar carbonyl group protruding into or anchored at the
micellar surface and the hydrophobic aromatic moiety in the micellar
core. These results are in agreement with the UV absorption results 
73of Fendler et_ al. using benzophenone as probe.
The hyperfine splitting constants for the phenyl adducts of DMPO 
and TMPO formed in micellar solution reflect a polar environment for 
the nitroxyl group (Table II). These adducts have nitrogen splitting 
constants similar to the phenyl adducts in water but significantly 
smaller hydrogen splitting constants. The hydrogen splitting 
constants are intermediate between the values for the adducts in 
acetonitrile and water. The exception is the adduct of TMPO produced 
in emulphogene, which has a smaller hydrogen splitting constant than 
in benzene. The surfactant-derived adduct can be rejected since the 
spectrum is completely isotropic. The above results suggest that the 
nitroxyl part of the phenyl adducts is located in a region of 
micropolarity comparable to methanol or ethanol. It appears then that
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these adducts are at the micellar interface. The hydrophilic nitrone 
traps are expected to be located in this region and in the bulk 
aqueous phase. Partitioning experiments between water and hexane show 
that DMPO and TMPO are present only in the aqueous phase, so neither 
trap should be in the micelle interior.
Our *H-NMR results with the nitrones are in agreement with the 
above assertions. In Table III, the effect of solvent polarity on 
the chemical shift of the nitronic hydrogen for the four nitrones is 
clearly demonstrated. An increase in solvent polarity results in a
corresponding increase in the chemical shift (i.e., downfield shift).
74Menger and Chow showed that long-chain acetylenic compounds (as 
surfactants) could also be used as probes to monitor the micropolarity 
of the micellar environment by taking advantage of the fact that 
acetylenic protons have solvent-sensitive chemical shifts. In our 
studies the chemical shift values for DMPO and TMPO recorded in SDS 
and emulphogene micellar solutions are identical to those obtained in 
water. Consequently, these traps reside in an aqueous environment.
For the long-chain TMPO derivatives, the chemical shifts in 
homogeneous solution are nearly identical with those for the parent 
TMPO compound. Even though these derivatives could not be evaluated 
in water, we expect them to have the same value as TMPO in water 
(i.e., 6 = 7.14). The observed chemical shift values for the TMPO 
derivatives in the micelles show the same values as anticipated for 
water. It is noted that the values obtained in emulphogene, however, 
are lower than in SDS but higher than in ethanol. Therefore, it 
appears that the polar nitronic function of the long-chain traps
TABLE III
SOLVENT EFFECTS ON THE NITRONIC HYDROGEN 
FOR THE CYCLIC TRAPS3
Solvent ET(30)k Spin Trap
DMPO TMPO TMPO-C., TMPO-i
CC1.4 32.5 6.48 6.32 6.39 6.33
CDC13 39.1 6.80 6.65 6.65 6.65
DMSO-d,
b
45.0 6.72 6.66 6.67 6.67
EtOD 51.9 6.97 6.89 6.87 6.88
d 2o 63.1 7.20 7.14 --- ---
s ds/d 2o --- 7.20 7.14 7.14 7.11
Emulphogene/D20 --- 7.20 7.13 7.03 7.04
a ^H-NMR values In ppm - downfield from Me.SI or 4
Me3Si(CH2)2C02'"Na+
b Dlmroth-Reichardt's solvent polarity parameter
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probes a polar environment similar to water.
Although we have ascertained the polarity of the regions where
the nitrone traps and their resulting phenyl adducts are located, an
understanding of the micelle structure is fundamental for determining
a more specific location for these components. Currently, there is
considerable controversy regarding the structure of the micelle formed
in aqueous solution. Two review articles by Menger^ and Lindman and 
7 6Wennerstrom testify to the conflicting interpretations. Several
models have been proposed including those by Hartley, ^ * ^ 8 Fromherz,^ 
80 81
Dill-Flory, and Menger. The Hartley model, although questioned bv
some, is considered by many to be the correct model. This model
covers the three types of micelles: anionic (e.g., sodium dodecvl
sulfate or SDS), cationic (e.g., hexadecyltrimethylammonium chloride
or bromide or HDTCl(Br)), and nonionic (polyoxyethylene ethers such as
emulphogene). Three environments are usually discussed concerning
micelles and vesicles: bulk aqueous phase, polar interfacial region,
and hydrophobic interior. The different environments in micelles or
other microenvironments are most commonly investigated by means of
chemical probes. The procedure involves embedding the probe within a
molecular assembly and measuring a parameter responsive to the
82property of interest. The review by Kalyanasundaram presents a 
synopsis of the various spectroscopic methods (fluorescence, UV, NMR, 
EPR, etc.) used to study the micelle environment. Most molecular 
probes are large so that they are restricted in their motion and thus 
are expected to be site specific. Consequently, the biggest problem 
encountered with chemical probes concerns the perturbation of the
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environment that is being reported.
One of the chief debates in studies of micelles concerns the
"openness" of the micelle to water molecules. The ability of water to
penetrate the polar interface has been extensively investigated by
several groups. The contrasting interpretations in the hydration of
the micelle have been presented by three groups. Svens and 
8 3
Rosenholm have shown from small-angle X-ray scattering results that
water permeates nearly to the center of sodium octanoate micelles.
84Muller and Birkhahn investigated micellar sodium 10,10,10-trifluoro-
19decanoate and micelle-solubilized benzotrifluoride using F-NMR and
concluded that considerable water penetrates into the micelle. On the
85
other hand, Stigter has shown from free energy studies that water at
the SDS micelle surface meets a nonaqueous core directly at the
interface. A few other studies have shown that water does not
86”88penetrate the interface. These studies have been disputed by
89 13
Menger et^  aul. Their study, using C-NMR chemical shift data from
both exogenous (octanal, 1-naphthaldehyde, and dihexyl ketone) and
endogenous (8-ketohexadecyltrimethylammonium bromide as surfactant)
carbonyl probes, revealed that water penetration in the HDTBr micelle
reaches at least the first seven carbons of the chain. Several other
studies have suggested that water penetrates the micelle interior to a 
90-93limited degree. However, the extent of water migration is very
72 94 95
controversial. Studies by Thomas and co-workers ’ * and Fendler
73et al. have shown that the micelle surface has a polarity similar to
ethanol. However, these workers do not discuss hydration of the
87
micelle interior. The report by Wennerstrom and Lindman is critical
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of the above studies that show water permeable to the interface. They 
express concerns about the distribution of the probe in the micelle 
and the establishment of a firm theoretical basis between the 
parameter and the microenvironment being probed. In view of all the 
micelle research, most of the current literature seems to support an 
interfacial region that is partially penetrable by water.
Our ^H-NMR study on the nitrones suggests that the interfacial 
region of the micelles is water-rich. This is based on the reasonable 
assumption that the lipophilic TMPO traps are solubilized with their 
long hydrophobic chains in the micellar core and with the hydrophilic 
nitrone function protruding into or anchored at the micellar surface. 
Based on both our EPR spin-trapping and ^H-NMR results and the reports 
regarding the hydration of micelles, we believe that the hydrophilic 
DMPO and TMPO traps reside in the bulk aqueous phase and are free to 
migrate across the interfacial region. The ability of DMPO to trap 
phenyl radicals from both hydrophobic and hydrophilic phenyl radical 
precursors is evidence for their migration. Further evidence for the 
partitioning of the hydrophilic traps in micelles is supported by the 
trapping experiments with PDH. In water, the decomposition of PDH in 
the presence of DMPO gave a small amount of hydroxyl adduct as 
by-product (Figure 3). TMPO gave no evidence of the hydroxyl adduct 
in water. In the micelles, DMPO gave a significantly larger amount of 
hydroxyl adduct as by-product (Figure 4). As previously stated the 
hydroxyl adduct was the only nitroxyl radical observed with TMPO in 
SDS. Consequently, these traps must be distributed in different 
environments in the micellar solutions. The reduction in the yield of
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Figure 3: EPR spectrum for the phenyl and hydroxyl adducts of DMPO
in water.
X - phenyl adduct
0 - hydroxyl adduct
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Figure 4: EPR spectrum for the phenyl and hydroxyl adducts of DMPO 
in SDS micellar solution.
X - phenyl adduct
0 - hydroxyl adduct
X10
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phenyl adduct from PDH and PAT suggests that the amount of water 
crossing the interface into the hydrophobic portion of the micelle is 
very small. Since PAT (solubilized with a very small amount of
Q
acetone) in water gave only the hydroxyl adduct of DMPO (a„ = au =
N H
14.9 G), we would also expect formation of hydroxyl adducts as 
by-products with micelle-solubilized PAT if the phenyl radicals 
contacted plentiful amounts of water either in the micelle or after 
migration to the bulk aqueous phase. Since no hydroxyl adducts were 
detected with PAT, some of the hydrophilic nitrones must be inside the 
micelle surface. This would imply that appreciable migration of the 
phenyl radical from the micelle interior to the bulk aqueous phase 
does not occur. Since the formation of hydroxyl radicals from 
reaction of phenyl radicals with water is endothermic 
(AH = 9 kcal/mol) the energetics for the overall reaction of
hydroxyl radicals with DMPO and TMPO must be favorable. Assuming that 
the relative polarities probed by NMR and EPR are the same, then the 
phenyl adducts formed in the micellar solutions must prefer a less 
polar environment than the traps. This is expected since the attached 
phenyl group is lipophilic. In contrast, the hydroxyl adducts formed 
as by-products from the PDH reaction prefer a more aqueous environment
I
due to their pronounced hydrophilic character.
We have already suggested an SET process to explain the 
inefficiency of the TMPO traps in trapping phenyl radicals from the 
PDH source. The inability of the long-chain TMPO nitrones to trap 
phenyl radicals from the PAT source in micelles might be due to their 
rigid environment in the micelle. In contrast, DMPO and TMPO, not
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being constrained by a long-chain lipophilic group, are free to 
migrate within the interfacial region. Their high mobility may give 
them a greater probing dimension compared to the immobile lipophilic 
TMPO traps. These suggestions are supported by additional trapping 
experiments to be discussed later.
The spin-trapping results obtained with the phenyl radical 
precursor PAT showed that only one of the two possible geometric 
isomers is produced with derivatives of TMPO. Stereoselective 
addition apparently is the modus operandi for the trapping of phenyl 
radicals. DMPO was an effective spin-trapping agent for phenyl 
radicals in both homogeneous and micellar solutions. On the other 
hand, TMPO and its long-chain derivatives were unable to trap phenyl 
radicals from various sources in either media. We have suggested that 
the hydrophilic DMPO and TMPO traps are quite mobile and are 
distributed in the interfacial region of the micelle as well as the 
bulk aqueous solution. The long-chain TMPO traps are probably 
immobilized in the micelle, with the long chains solubilized in the 
micelle interior and the nitrone function at the polar interface.
From the results with the phenyl radical precursor PDH, we speculate 
that TMPO and its derivatives are more prone to oxidation by SET than 
DMPO, and consequently would be poor radical scavengers in the 
presence of easily reducible substrates. Long-chain derivatives of 
DMPO might be more promising spin-trapping agents for the rhodopsin 
and other biological studies.
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Hydrogen Atom
The reaction of tributyltin hydride (tributylstannane) with the 
nitrone spin traps resulted in the ultimate addition of a hydrogen 
atom.
0 .0-
This assignment was confirmed by four different methods. First, 
aerial oxidation of the corresponding hydroxylamine produced the same 
radical.
R I
1C
OH
Second, addition of hydride to the nitrone center followed by aerial 
oxidation gave the same nitroxide.
0-
H:
0 :-
>2 y
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Third, reaction of tributyltin hydride with the symmetrical DMPO and
TMPO traps gave two equivalent 3-hydrogens and yielded a triplet of
triplets (9 lines) in the spectra. The effect of solvent polarity on
the nitrogen and hydrogen splitting constants is shown in Table IV.
The spectrum for the hydrogen-atom adduct of TMPO in benzene is
presented in Figure 5. The hyperfine splitting constants for the DMPO
12adduct in benzene are in agreement with the reported values. Also, 
our values in benzene and methanol for the TMPO adduct are consistent 
with the literature values. ^  As previously discussed, the hydrogen- 
atom adducts of the long-chain TMPO derivatives contain two 
magnetically non-equivalent 8-hydrogens resulting in 12-line spectra. 
Based on the phenyl adduct spectra for these traps, we believe that
£
the 8-hydrogen atom giving rise to the large splitting constant ^
is cis to the long aliphatic group at C-5.
Finally, reaction of tributyltin deuteride with the nitrones resulted 
in incorporation of a single deuterium atom. All of the traps yielded 
18-line spectral patterns with this radical source. The spectrum of
Figure 6 . From the data in Table IV, the ratio of the deuterium to 
proton coupling constants is about one-seventh, a value that agrees
0 .
the deuterium-atom adduct of TMPO-C^ in benzene is presented in
Source Solvent
TABLE IV
HYDROGEN-ATOM ADDUCTS OF THE CYCLIC TRAPS
Spin Trap
DMPO TMPO TMPO-C- TMPO-C,
-^ N 3^(211) a ^ U H ) %
8
%1
8
■^ H2 ■^ N
8 8 
-^ Hl -%2
Bu^SnH MeCy 14.2 18.4 14.5 17.9 14.3 15.3 20 .8 14.2 15.2 20.7
Bu^SnH (j)H 14.5 19.0 14.7 18.4 14.5 15.9 21.3 14.6 15.8 21.3
Bu3SnH MeCN 14.9 19.6 15.1 19.0 14.9 16.4 21.9 14.9 16.2 21.8
Bu3SnH Me OH 15.5 20.8 15.7 20.0 15.5 17.0 23.3 15.5 17.0 23.2
nhoh/o2 <f>H 14.6 18.4 14.5 15.8 21.4
lah/o2 <()H 14.5 18.9 14.7 18.4 14.5 15.9 21.3 14.6 15.8 21.3
Bu3SnD <f>H 14.5 19.0 
2.9(D)
14.6 18.5 
2.7(D)
14.5
2
19 
• 4(D)
.1 14.5
2
19
.4(D)
.1
a hyperfine splitting constants in gauss units
b Bu^Snll(D) = photolysis of tributyltin hydride (deuteride)
NHOH/O^ = aerial oxidation of the corresponding hydroxylamine
LAH/O2 = lithium aluminum hydride treatment followed by aerial oxidation
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Figure 5: EPR spectrum for the hydrogen-atom adduct of TMPO in 
benzene.
901
Figure 6 :
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1
EPR spectrum for the deuterium-atom adducts of TMPO-C^ 
in benzene.
+ - nitroxide by-product
901
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with their magnetic moment ratio.* As anticipated, the symmetrical
DMPO and TMPO traps gave the same 6-hydrogen splitting constants as 
tributyltin hydride. However, for the unsymmetrical traps the 
6-hydrogen splitting constants differed from those obtained with 
tributyltin hydride. Analogous to the phenyl radicals, the deuterium 
atoms are capable of giving two isomeric adducts with these traps.
Because the 6-hydrogen splitting constants for the deuterium-atom 
adducts are approximately the mean of the two values for the hydrogen- 
atom adducts, it is reasonable to assume that the spectra for these 
nitroxides represent both geometric isomers. Since low modulation 
settings failed to give additional resolution to the spectra, such 
geometric isomers are not distinguishable by EPR. This deuterium-atom 
study shows that the addition of hydrogen atoms to the cyclic traps is 
probably not stereoselective, in contrast to the phenyl radical 
addition discussed previously.
The difference in the splitting constants for the two 6-hydrogens 
of the long-chain TMPO adducts was about 5.5 G, irrespective of 
solvent polarity or alkyl chain length at C-5. This represents a 
difference of about 15° for the angle formed from the Ca~H bond and 
the semi-occupied p-orbital. Consequently, one 6-hydrogen is in a
0- 0 . 0 .
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pseudo-axial position and the other in a pseudo-equatorial position 
with a smaller splitting constant. As expected, the 6-hydrogen 
splitting constants for the hydrogen-atom adducts of DMPO and TMPO are 
medial to those of the long-chain TMPO adducts. Analogous to the 
phenyl adducts, the long alkyl chains exert no steric effect on the 
two 13-hydrogen atoms of the spin adducts.
The mechanism for generation of hydrogen atoms from tributyltin
12 98
hydride is not known. Although Janzen and co-workers ’ have 
suggested that the reaction might be photochemically initiated, we 
have obtained strong spectra from mixtures prepared and run in 
complete darkness. Nevertheless, much stronger spectra were obtained 
upon photolysis (filtered UV) of these degassed solutions. Although 
tributyltin hydride is only slightly soluble in acetonitrile and 
methanol, it yielded significant amounts of spin adducts for each trap 
in these solvents. Besides the photochemically-initiated process, 
other possible mechanisms exist. First, the nitrone may he reduced to 
the corresponding hydroxylamine, followed by aerial oxidation to the 
spin adduct.
R R
0- OH
As mentioned previously the hydroxylamines rapidly afford nitroxides 
when oxygen is bubbled through the solutions. Possibly, the residual
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amount of molecular oxygen remaining in solution after degassing would 
be sufficient for this reaction. Another alternative involves an SET 
process. Electron transfer to an acceptor (A) would precede the 
hydrogen-atom transfer to the trap.
Bu3SnH + A  > BugSnH' + A ’
Bu3SnH'+ + Traps  >- Bu3Sn+ + H-Adducts
However, the identity of the acceptor is not clear. Again, maybe
traces of molecular oxygen could fill this role. As previously
discussed with diazonium salts, SET processes involving tributyltin
99hydride have been observed in the reduction of benzyl iodides and
j 100 nitro compounds.
Whatever the mechanism, it is certain that the resulting EPR
spectra for the hydrogen-atom adducts of the long-chain TMPO
derivatives are due to nitroxides with two non-equivalent B-hydrogen
atoms. All of these adducts have spectra remarkably similar to those
53 treported by Hill and Thornalley for the trapping of lipid radicals
generated in phenylhydrazine-induced hemolysis of human
erythrocytes. Recently, these investigators"*^ used various
nitrone spin traps to probe in vitro the involvement of free radicals
in this drug-induced hemolytic damage. With DMPO and a few other
water-soluble traps, detection of the phenyl adducts coincided with
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inhibition of both hemolysis and oxygen uptake. When a lipid-soluble 
nitrone (TMP0-C1o) was employed similar to the one used in our studies
1 O
(TMPO-Cjg), a dramatic decrease in hemolysis and oxygen uptake was
noted. However, no phenyl adduct was produced with this hydrophobic
trap. For TMPO-C^g, they speculated that phenyl radicals, generated
from oxidative reaction of oxygenated hemoglobin with phenylhydrazine,
reacted with polyunsaturated fatty acids (PUFA) located inside the
cell membrane by hydrogen abstraction to produce allyl-type lipid
radicals. The intracellular TMPO-C^g trap scavenged these radicals to
produce a nitroxide that cyclized to an EPR-active aminium radical
cation with an unusual 12-line spectral pattern (a^ = 16.7 G and
a ®  = 18.5 and 24.0 G) (Figure 7).H
R-CH=CH-CH2-R + <f>*  ► R-CH=CH-CH-R + <j>H
tmpo-c18
C
4+
H R •*-
R
An identical EPR spectrum has been reported for this cyclic nitrone
in the reaction of linoleic acid with lipoxygenase, which was also
103
attributed to the aminium radical cation.
However, we have been unable to trap allyl radicals in 
homogeneous solution. When we generated allyl radicals by reaction
156
Figure 7: EPR spectrum obtained by Hill and Thornalley and
assigned to an aminium radical cation derived from the
trapping of a lipid radical by TMP0-C1o.
I o
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of hexamethylditin with allyl bromide (filtered UV photolysis in
degassed benzene) in the presence of TMPO-C., and TMPO-C..,, we observed
7 lo
completely different spectra. The spectra were virtually identical to 
those given by alkoxyl adducts with splitting constants much smaller 
than for the putative aminium radical cation. Both of these adducts 
gave broad, 6-line spectra (line-widths about 2-3 G) with a^ = 13.3 G
g
and a^ = 6.0 G. Furthermore, from our studies on the TMPO system,
secondary, tertiary, or resonance-stabilized carbon-centered radicals
in homogeneous solution are either extremely difficult or impossible
to trap, especially in the presence of oxygen. Finally, the sole spin
adduct reported with 2-methyl-2-nitroso-l-propanol, a water-soluble
trap, in a linoleic acid/lipoxygenase microsomal system was the
104
hydrogen-atom adduct. In emulphogene solution we failed to observe
spin adduct signals when the solubilized long-chain TMPO derivatives
were present during the oxidation of phenylhydrazine with molecular
oxygen (Table II in Phenyl Radical section). In agreement with Hill 
53-55and Thornalley, however, we did trap phenyl radicals generated
from this oxidative process with the water-soluble DMPO and TMPO 
traps. Noteworthy, the TMPO-C^ trap gave the phenyl adduct in benzene
g
(a^ = 14.4 G and a^ = 25.1 G). For all of the traps, the appearance 
of a yellow color in the oxygenated micellar solution upon addition 
of phenylhydrazine indicated an oxidation reaction. The phenyl­
hydrazine is expected to be located in the micelle interior. As in
the PAT studies, the hydrophobic traps did not trap phenyl radicals.
53The aminium radical proposed by Hill and Thornalley is probably 
too unstable to be readily detected under their conditions. Our
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results suggest that their assignment of structure is incorrect. The
marked similarity of their EPR spectrum and our spectra for the lipid-
soluble TMPO traps suggests that the radical described by these
investigators is in fact the hydrogen-atom adduct. The larger
splitting constants reported by these authors compared with those in
Table IV are apparently due to solvent effects. For example, the
spectrum of the hydrogen-atom adduct of TMPO-C,, in methanol1 0
(Figure 8) shows significantly larger splitting constants compared
with methylcyclohexane. Figure 9 plots the three nuclear splitting
constants as functions of the Dimroth-Reichardt solvent polarity
parameter, ^T(30)’ ^°r t'ie hydrogen-atom adduct of TMPO-C^. For
unknown reasons the 8-hydrogen nuclei are more sensitive to solvent
polarity than the nitrogen nucleus (compare slopes). Attempts to trap
hydrogen atoms with the cyclic nitrones in water or emulphogene using
tributyltin hydride failed. The general method used to produce
hydrogen atoms in water involves gamma-irradiation of aqueous 
25solutions. However, the problem with this method is the concomitant 
formation of hydroxyl radicals. It has been reported that hydrogen 
atoms can be generated from aqueous formalin solutions containing 
persulfate.However,  our efforts to generate and trap hydrogen 
atoms with this method were unsuccessful. Nevertheless, extrapolation 
of each line in Figure 9 to the solvent polarity value for water
Q
(i.e., 63.1) gives values (a^ = 15.9 G and a^ = 17.5 and 23.7 G)
53comparable to those of Hill and Thornalley. We believe, therefore, 
that TMPO-C^g traps free hydrogen atoms (or reacts with hydrogen-atom 
donors) during phenylhydrazine-induced hemolysis. It is reasonable to
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Figure 8 : EPR spectrum for the hydrogen-atom adduct of TMPO-C.,
ID
in methanol.
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Figure 9: Plot of solvent polarity on the nuclear hvperfine 
splitting constants for the hydrogen-atom adduct of 
TMPO-C.,.1 D
correlation coefficient = 0.98 (a^)
0.97 (a^)
0.97 (aH2)
slope = 0.048 (a )^ 
0.066 (aH1) 
0.093 (aH2)
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expect that intermediates in phenylhydrazine oxidation such as 
phenylhydrazyl radicals or <j>NHNH’) or the phenyldiazene
intermediate (<j>N=NH) can be effective hydrogen-atom donors.
All of the cyclic nitrones studied are effective hydrogen-atom 
scavengers in homogeneous solution. Their resulting spectra are quite 
distinguishable from other spin adduct spectra. Consequently, 
identification of hydrogen atoms in biological systems should be 
unambiguous with these traps. Furthermore, the hydrogen-atom adducts 
of the long-chain TMPO derivatives possess two magnetically non­
equivalent 6-hydrogens. These adducts have EPR spectra very similar 
to those observed during the phenylhydrazine-induced hemolysis of red 
blood cells, necessitating a re-interpretation of the biological 
results. Finally, our studies revealed that addition of the hydrogen 
atom to the cyclic nitrones is non-stereoselective.
Hydroxyl Radical
The splitting constants for the hydroxyl adducts of the cyclic 
nitrones are presented in Table V. The spin adduct produced by 
trapping the hydroxyl radical with DMPO in aqueous solution is 
well-known. The familiar 4-line pattern (Figure 10), where
g
fortuitously a„ = a„ , is often used as a diagnostic for these N H
112
radicals in biological systems. Some investigators have reported 
higher splitting values for this adduct. The apparent differences 
cannot be attributed to the ionic strength of the aqueous solution, 
since identical values were obtained when the spectrum was recorded in
TABLE V
HYDROXYL SPIN ADDUCTS OF THE CYCLIC TRAPS3 
Source^ Solvent Spin Trap
DMPO TMPO TMPO-C.. TMPO-C,,C----    f  1 o
8
%
6.6d
^N
6
^H ^N
8
% -^ N
8
•^ H ■^ N
H2°2 h 2o 14.9 14.9 15.3 16.9
--- --- ---
H2°2 MeCN 12.6 12.6d 13.3 7.3 12.9 6.6d 12.9
H2°2 (j)H NT NT NT NT
H2°2 MeCy NT 12.9 4.6 13.3 6.5d 13.3
H2°2 SDS 14.8 14.8 NT NT NT
H2°2 Emulphogene 14.9 14.9 15.3 16.7 NT NT
K2S2°8 h 2o 15.0 15.0 15.4 16.8
--- --- ---
K2S2°8 SDS 14.7 14.7 15.4 15.4 NT NT
K2S2°8 Emulphogene 14.9 14.9 NT NT NT
6.2d
a hyperfine splitting constants in gauss units 
NT = no trapping of hydroxyl radicals
165
b = Photolysis hydrogen peroxide
K„So0o = decomposition of potassium persulfate (photolytic or thermal) L L o
c solubilization in micelles was aided with a small amount of Me^CO 
d broad spectrum
O '
O '
TABLE 
V 
(cont'd.)
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Figure 10: EPR spectrum for the hydroxyl adduct of DMPO in water.
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0.5 M NaCl solution. For TMPO in water, the nitrogen and 8-hydrogen 
splitting constants are no longer equivalent so that a 6-line pattern 
results (Figure 11). The values for the TMPO adduct are in agreement 
with those reported by Janzen et al.~^ Unfortunately, the long alkyl 
chains in TMPO-C^ and TMPO-C^ render these spin traps insoluble in 
water. Consequently, they were examined and compared with DMPO and 
TMPO in acetonitrile solution. Additionally, hydroxyl radical 
trapping with the cyclic traps was investigated in the nonpolar 
solvents benzene and methylcyclohexane.
The hydroxyl radical was readily produced and trapped by DMPO in
acetonitrile. This adduct displayed a very broad 4-line pattern with
modified coupling constants. A lower modulation setting gave a
resolved spectrum (10 lines; a . = 13.4 G, a = 10.8 G, andN H
Y Ya^ = 1.3 G) and long-range 8-ring hydrogen splitting (a^ ).
Substantially different behavior was noted for TMPO and its
derivatives. For TMPO in water, the nitrogen and hydrogen splitting
constants are similar to those observed for the DMPO adduct. However,
in acetonitrile the hydrogen splitting constant decreased to 7.3 G,
which is substantially lower than the 16.9 G observed in water. This
contrasts with the results for the phenyl adduct, where there was a
difference of only about 3 G between acetonitrile and water. In our 
56previous report we had interpreted the low splitting constant for 
the 8-hydrogen in acetonitrile as trapping of the carbon-centered 
radical derived from the acetonitrile solvent (i.e., ‘CH2CN produced 
by hydrogen abstraction from acetonitrile by hydroxyl radical). The 
occurrence of this process for TMPO but not DMPO was attributed to a
170
Figure 11: EPR spectrum for the hydroxyl adduct of TMPO in water.
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slower rate of hydroxyl radical addition. An alternative
interpretation would be a large solvent effect on the splitting
constant in the hydroxyl adduct.
To gain a better understanding of the solvent polarity effects
with TMPO, the hydroxyl adduct was prepared as customary by photolysis
(filtered UV) of hydrogen peroxide in different solvents. A plot was
£
constructed of the hydrogen splitting constant (a,, ) versus then
Dimroth-Reichardt va^ues^ ^  (Figure 12). Janzen et al.^ have
used this solvent polarity parameter with success for correlations of 
the nitrogen and (3-hydrogen splitting constants for various spin 
adducts of PBN and DMPO (exclusive of the hydroxyl adducts). For 
methylcyclohexane and tert-butylbenzene, we assumed the E^ , values 
reported for cyclohexane and toluene. As shown for 13 solvents, the
g
au values clearly depend on solvent polarity. The absence of values 
between nitromethane and water was due to solvent-derived trappings 
produced from hydrogen abstraction by the hydroxyl radical. All of 
the alcohols evaluated (methyl, ethyl, isopropyl, and tert-butyl 
alcohols) gave solvent-derived adducts. For example, in methanol 
(E^ , = 55.5) the methoxyl (MeO’) adduct (aj^  = 13.5 G and a ^  = 6.5 G) 
was produced initially, while in formamide (ET = 56.6) the aminoacyl
D
(’CONK^) adduct (a^ = 15.2 G and a^ = 19.7 G) was produced. In 
acetic acid (E^ , = 51.9) absolutely no spin adduct signals were 
observed for unknown reasons.
Regardless of the inability of TMPO to trap hydroxyl radicals in 
most protic solvents and the fact that there is scatter in the plot 
from the other solvents, a fairly good linear correlation with solvent
173
Figure 12: Plot of solvent polarity on the 3-hydrogen hyperfine
splitting constant for the hydroxyl adduct of TMPO.
correlation coefficient = 0.90 (excluding <f>H and <f>Me)
0.72 (all points)
slope = 0.33 (excluding <|>H and <|>Me)
0.27 (all points)
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polarity was obtained (r = 0.90 and slope = 0.33), excluding the
values in benzene and toluene. As seen in the plot, these two values
lie substantially above the best fit line. Inclusion of these values
2
in the linear regression gave a much poorer correlation (r = 0.72 and 
slope = 0.27). Consequently, it appeared that the hydroxyl radical 
was not scavenged by TMPO in benzene and toluene. In these two 
solvents unusual 6-line patterns were observed. The spectrum of the
g
adduct formed in benzene with a^ = 13.3 G and a^ = 10.2 G is shown in 
Figure 13. However, trapping of hydroxyl radical did occur in other 
aromatic solvents (i.e., tert-butylbenzene and pyridine). Actually, 
two nitroxyl radicals were produced in tert-butylbenzene solution in 
about equal amounts, giving a 12-line spectrum with a^ = 13.2 G and
g
a^ = A . 8 G, for the hydroxyl adduct (Figure 12), and a^ = 13.3 G and
g
a^ = 10.A G. The latter values are in agreement with those obtained 
in benzene and toluene. Thus, the solvent polarity study described 
above indicates that acetonitrile and the remaining non-aromatic 
solvents do not compete effectively with TMPO for the hydroxyl 
radical.
The reaction of benzene and substituted benzenes with hydroxyl
radicals involves addition of the hydroxyl radical to the aromatic
113-118
ring to yield a hydroxycyclohexadienyl radical.
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Figure 13 EPR spectrum for the spin adduct produced from TMPO 
and 1^02 in benzene.
1
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29Neta et^  al. report that about 60% of the hydroxyl radicals generated
from pulse radiolysis of water react with the pyridine ring of
q-4-pyridyl-l-oxide-N-tert-butyl nitrone by radical addition. The
remaining 40% react at the nitrone function. The possibility of
hydrogen abstraction from benzene to yield phenyl radicals was deemed
improbable. Two other results corroborate this conclusion: no kinetic
118isotope effect was reported in benzene-d, and no phenyl adducts
o
were trapped by the cyclic nitrones. The absolute rate constant for
the reaction of hydroxyl radical with benzene is 4.3 x 10^ M s^
8 -I — 1compared to an estimated 9 x 10 M s with TMPO (in water,
28 57pH = 7). ’ Because of the diffusion-controlled trapping by benzene
and the anomalous spectrum of the spin adduct, we believe that 
solvent-derived radicals are trapped with TMPO instead of hydroxyl 
radicals when benzene is used as solvent.
Both the nitrogen and hydrogen splitting constants for the TMPO 
adduct formed in benzene are significantly smaller than typical 
carbon-centered radical adducts. Although the nitrogen splitting 
constant is in agreement with other oxygen-centered radical adducts, 
the hydrogen splitting constant is larger than expected. Based on our 
trapping results from oxygen-centered alkoxyl radicals, we propose 
that the nitroxide responsible for this unusual spectrum is the 
hydroxycyclohexadienoxyl adduct of TMPO.
.H
0
H
0.
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It is doubtful that the rather large 3-hydrogen splitting constant is
due to the steric bulk of the trapped radical since the tert-butoxyl
adduct of TMPO (in benzene) gives a splitting constant for hydrogen
119typical of oxygen-centered radical adducts. Pryor j^ t .al. suggested 
that PBN (in benzene) can intercept carbon-centered cyclohexadienyl 
radicals formed when gas-phase alkyl radicals from cigarette smoke 
react with benzene. The resulting spin adduct spectrum shows a 
nitrogen splitting constant (a^ = 14..4 G) characteristic of a carbon- 
centered alkyl spin adduct, but a hydrogen splitting constant
g
(au = 2.0 G) much smaller than normal.
n
The trapping of hydroxyl radicals by TMPO in tert-butylbenzene 
and not in benzene is probably due to the smaller rate constant for 
hydroxyl radical addition to tert-butylbenzene compared to benzene. 
Although strong spin adduct signals were observed in solutions of 
benzene, toluene, tert-butylbenzene, and pyridine, no signals were 
detected in isopropylbenzene. In contrast to other aromatic solvents, 
a solvent-derived adduct was not observed with TMPO in pyridine, 
probably due to the electron-deficient pyridine nucleus. The 
electron-rich benzene nucleus is quite reactive towards the 
electrophilic hydroxyl radical. Therefore, the spin trap, which is 
more electron-rich than pyridine, preferentially reacts with the 
hydroxyl radical in this solvent. Except for dimethylsulfoxide 
(DMSO), the non-aromatic solvents did not give solvent-derived adducts 
with TMPO. In DMSO, extended photolysis (filtered UV) of the mixture
g
gave a different 6-line pattern (a^ = 15.2 G and a^ = 24.5 G) that 
was assigned to the methyl adduct. Hydroxyl radicals are reported to
react with DMSO yielding methyl radicals (via radical addition
followed by radical elimination) that are subsequently trapped by 
120”126nitrones. We also found that the hydroxyl adduct of TMPO in
nitromethane was short-lived.
Photolysis (filtered UV) of hydrogen peroxide solutions 
containing the other cyclic traps in benzene also resulted in
solvent-derived adducts. For DMPO, a resolvable 10-line spectrum
6 v
was obtained (a^ = 13.0 G, a^ = 10.8 G, and a^ = 1.3 G) that was
tentatively assigned to the hydroxycyclohexadienoxyl adduct. However,
we were unable to deconvolute the spectra for the long-chain TMPO
derivatives. The TMPO-C^ trap gave a well-resolved 10-line pattern
(Figure 14), whereas the TMPO-C^g trap gave a broad, featureless
pattern. In both cases the spectral window was typical of oxygen-
centered radical adducts. In acetonitrile and methylcyclohexane, the
long-chain traps yielded spectra that were assigned to the hydroxyl
adducts based on the TMPO spin adduct in these solvents. Noteworthy,
DMPO failed to give the hydroxyl adduct in methylcyclohexane. This
may have been caused by the very limited solubility of DMPO in this
solvent.
Hydroxyl adducts can also be generated by thermal or photolytic
decomposition of persulfate in water. From Table V, DMPO gave the
hydroxyl adduct in high yield and TMPO gave both the hydroxyl and
sulfate adducts, the latter in much higher yield. The splitting
constants for the sulfate adduct of TMPO were a„ = 14.1 G andN
g
a„ = 8.4 G, in agreement with the values in water reported by Janzen 
H
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Figure 14: EPR spectrum for the spin adduct(s) produced from
TMPO-C^ and in benzene.
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Currently, three mechanisms for the formation of the hydroxyl
68 127adducts from persulfate decomposition have been proposed. ’
Sulfate radical anions may react with water to give hydroxyl radicals.
?_ _ H20
s2°8  2 so4'  H0’ + hs04
H0‘ + Traps > HO-Adducts
The nitrones may be oxidized by the radical anions via an SET pathway 
to give radical cations that then react with water.
+  2-  
Traps + SO^ ’  y Traps" + SO^
+ -H+
Traps’ + H2O ----- y HO-Adducts
Finally, the intially-formed sulfate adduct may be readily hydrolyzed.
H20
Traps + SO4  y SO4 -Adducts  y HO-Adducts + HSO^
Dogliotti and Hayon found that sulfate radicals are relatively
stable at pH 0.1-8.5 in water and recombine as the primary decay
129
process. Neta £t al. found the rate of reaction of these radicals
with aromatic substrates to be diffusion-controlled or nearly so,
depending on the ring substituent. Based on these studies Janzen and 
68
Coulter conclude that the acyclic PBN-type nitrones give hydroxyl 
adducts by the electron-transfer pathway. Reaction of persulfate with 
the cyclic nitrones had not been investigated heretofore. From our 
previous results with PDH (Phenyl Radical section), we expected TMPO 
to yield less sulfate adducts than DMPO under the same conditions if 
an SET mechanism were operating. However, since only TMPO gave the 
sulfate adduct (see below), the SET mechanism can be rejected. If 
sulfate radicals reacted with water to produce hydroxyl radicals, then 
we would have expected to observe sulfate adducts with DMPO, which 
reacts faster than TMPO with a variety of radicals.Consequently, 
the hydroxyl radical pathway can be rejected. Further investigation 
of the persulfate decomposition reaction showed that the cyclic 
nitrones trap sulfate radicals to form adducts which then hydrolyze to 
give hydroxyl adducts. We found that the sulfate adduct of DMPO 
reacts with water considerably faster than the TMPO adduct.
Continuous photolysis (filtered UV) of a mixture of DMPO and 
persulfate in water gave a large amount of hydroxyl adduct (4-line 
pattern) and a trace of an additional nitroxide with spectral width 
and long-range splitting patterns typical of an oxygen-centered 
radical adduct. Since the middle two lines from the hydroxyl adduct 
obscured most of the central lines from the other adduct, definitive
185
splitting constants for the latter could not be measured. This adduct 
completely disappeared in less than one minute in the dark after 
photolysis. With TMPO, continuous photolysis gave a large amount of 
sulfate adduct and a small amount of hydroxyl adduct, which grew 
slowly over time in the dark at the expense of the sulfate adduct.
These results are in agreement with the report by Janzen et al.~^ 
comparing the relative reactivity of the two cyclic nitrones with 
radicals and the stability of the resulting nitroxides.
In other studies we also found that aqueous solutions of sodium
periodate in the presence of DMPO or TMPO gave hydroxyl adducts. The
mechanism for this reaction is uncertain. Note, however, that sodium
iodate does not give spin adduct signals with these traps in water.
It is reported that sodium periodate oxidation of some 5,5-dimethyl-
1-pyrroline-N-oxides gives 4-nitrosopentanoic acids as indicated from
130the blue-green reaction mixtures. These compounds were isolated
and characterized as the dimers. We observed the appearance of a 
blue-green color in aqueous solutions of sodium periodate containing 
DMPO or PBN. However, this color appeared after a few hours and 
intensified gradually while the mixtures were stirred at room 
temperature under an inert atmosphere. Unlike the original colorless 
solutions, no hydroxyl adducts were detected in the blue-green 
solutions. It appears that the hydroxyl adducts may be intermediates 
to the nitroso compounds or possibly minor by-products of the 
reaction.
The hydroxyl adduct of the TMPO derivatives displayed broad, 
partially resolvable 6-line spectra (line-widths about 2-3 G). The
186
spectrum for the hydroxyl adduct of TMPO-C^ in acetonitrile is 
illustrated in Figure 15. Again, two geometric isomers with similar 
coupling constants are apparent in the EPR spectrum.
+  H 0 ‘
+
0 .
Indeed, in acetonitrile when a large excess of hydrogen peroxide (no 
photolysis) was used, the TMPO derivatives yielded weak, but
g
resolvable 12-line patterns with a„ = 13.6 G and a„ = 10.2 G;
N n
g
a^ = 13.3 G and a^ = 6.2 G. Photolysis (filtered UV) of these
mixtures produced more intense, broad asymmetric spectra, which
overlapped the initial 12-line spectra but were no longer resolvable
even at lower modulation settings. The small amount of water present
in these mixtures may have caused the ill-resolved spectra. For
49instance, Kotake et al. have shown that trace amounts of water have 
a strong effect on spectral resolution for adducts in organic 
solution.
The conformations (Newman projections) for the hydroxyl adduct of
TMPO in water and acetonitrile are presented , in Figure 16. The
orientation of the Cq-H bond with respect to the semi-occupied
p-orbital was calculated from the McConnell and Heller-McConnell 
3 Aequations. ’ The respective dihedral angles of 46° and 61° for the 
adduct in water and acetonitrile differ by 15°. It is interesting
Figure 15: EPR spectrum for the hydroxyl adducts of TMPO-C^
acetonitrile.
901
189
Figure 16: Conformations for the hydroxyl adduct of TMPO in
acetonitrile and water.
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TMPO/OH SPIN
'OH
in MeCN 
aN (G): 13.3
aj (G): 7.3
ADDUCT
in H20 
15.3
16.9
to note that the hydroxyl group eclipses the nitrogen p-orbital
containing the odd electron in acetonitrile. This holds true for the
adduct in other aprotic organic solvents, since the B-hydrogen
splitting constant in acetonitrile and methylcyclohexane differ by
less than 3 G. For the adduct in water, however, the hydroxyl group
lies off-center from the semi-occupied orbital resulting in a more
planar ring than in acetonitrile. The conformational differences
cannot be ascribed to intramolecular hydrogen-bonding between the
nitroxyl oxygen and the hydroxyl group in aprotic solvents, which
would result in a much smaller dihedral angle and a much larger
131B-hydrogen splitting constant. Dreiding models reveal that the 
hydroxyl group is more exposed to solvent for the conformation in 
water, whereas for the conformation in aprotic organic solvents the 
hydroxyl group is sequestered within the ring structure. Other 
oxygen-centered adducts adopt this conformation in aprotic organic 
solvents. Small differences in the hydrogen splitting constants are 
probably due to solvent polarity effects. Further discussion on the 
conformational analysis of these systems will be presented in the 
upcoming Alkyl and Alkoxyl Radical Adduct section.
The DMPO trap scavenged hydroxyl radicals from hydrogen peroxide 
in both SDS and emulphogene micellar solutions, while TMPO was 
effective only in emulphogene. Again, the long-chain TMPO traps gave 
no radical trapping in these micelles. The hyperfine splitting 
constants for the hydroxyl adducts of DMPO and TMPO formed in micellar 
solution are essentially the same as in water. Consequently, the 
nitrones only trapped hydroxyl radicals produced in the aqueous phase
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of the micelle. Assuming that the nitrone function of the long-chain
traps is immobilized at the interfacial region of the micelles, the
lack of hydroxyl radical trapping with these nitrones implies that the
hydroxyl radical does not migrate appreciably in heterogeneous media.
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Grant et_ al. have synthesized a new hydroxyl radical precursor,
2-(tert-butylazo)-2-propyl hydroperoxide, that is soluble in 
hydrocarbons. Its incorporation in micelles in the presence of the 
spin traps could provide evidence for the migration of hydroxyl 
radicals from the interior of the micelle.
Our findings showed that the yield of hydroxyl adduct was lower 
for DMPO and TMPO in the micelles than in water. Apparently, this is 
due to secondary radical events involving the micelles themselves. 
Although no hydroxyl radicals were trapped by TMPO in SDS, spin adduct 
signals were observed in the spectrum and assigned to the carbon- 
centered SDS-derived spin adduct (6 lines) having = 15.8 G and
g
au = 23.4 G. DMPO also gave the SDS-derived adduct as a minor, 
ri
g
secondary nitroxide with a^ = 15.9 G and = 24.5 G. Both spectra 
displayed moderately broad lines (line-widths of 2-2.5 G) and 
noticeable anisotropy in the sixth line of the high-field component 
signals. Obviously, sodium dodecyl sulfate is a very good hydrogen- 
donor molecule. The site of hydroxyl radical attack on the 
hydrocarbon chain is uncertain. Although the very reactive hydroxyl 
radical is probably non-discriminating in its reactions, we suspect 
that the a-hydrogens in SDS are more susceptible to attack. This was 
deduced from an experiment with dimethyl sulfate as a model compound 
for SDS. In 50% aqueous dimethyl sulfate, photolysis (filtered UV) of
193
hydrogen peroxide in the presence of DMPO gave a carbon-centered
g
radical adduct (6 lines) with a., = 16.0 G and aT1 = 22.A G.N H
Spin trapping of SDS-derived radicals has been reported
previously. Using the nitroso trap, 2-methyl-2-nitrosopropane,
133Bakalik and Thomas detected carbon-centered SDS radicals from
hydroxyl radicals produced by radiolysis of SDS solutions. However,
from their NMR data they could not determine a precise site of
134hydroxyl radical attack. More recently, Okazaki et al., 
investigating the radical intermediates generated in the 
photoreduction of naphthoquinone in SDS solution, found that a carbon-
g
centered radical adduct (a = 15.7 G and a = 2.9 G) was producedN H
with PBN. It was assigned to the spin adduct of the SDS radical based
on the spectral pattern and trapping results obtained with a nitroso
68compound. On the other hand, Janzen and Coulter, using persulfate
as a source of hydroxyl radicals, did not observe radicals derived
from SDS in their PBN spin-trapping studies. In our emulphogene
studies both DMPO and TMPO also gave very small amounts of carbon-
centered radical adducts attributed to the emulphogene surfactant
g ft
(a^ = 15.8 G and a^ = 22.4 G; a^ = 15.9 G and a^ = 22.8 G for the 
adducts of DMPO and TMPO, respectively).
Spin adducts of DMPO and TMPO were obtained from decomposition 
of persulfate in the micellar solutions. With DMPO, a high yield of 
the hydroxyl adduct was produced. With TMPO, both the hydroxyl and 
sulfate adducts were produced in about equal amounts in SDS, with 
the hydroxyl adduct displaying a non-resolvable 4-line pattern
g
(a^ = a^ = 15.4 G). In emulphogene, only the sulfate adduct was
produced. The splitting constants for the sulfate adduct of TMPO in
micelles were identical to those in water. Isotropic spectra were
obtained for all adducts. As expected from the PAT, PDH, and hydrogen
peroxide results, the long-chain TMPO derivatives gave no evidence of
radical trapping with persulfate in micelles. Studies by Janzen and 
68Coulter with PBN and derivatives have shown that persulfate is
located in the bulk aqueous phase, and its trapping chemistry is
confined to this region. Our trapping results with the cyclic traps
are in accordance with these findings.
There are ongoing debates concerning the mechanism of formation
of the hydroxyl adduct of nitrones in aqueous solution. An
alternative route besides the attack of free hydroxyl radicals has
135been suggested by Chandra and Symons. They showed that the 
hydroxyl adduct of DMPO could be produced by one-electron oxidation of 
DMPO to a radical-cation followed by the addition of water.
-e" + h2°D M P O  —  - - ► D M P O ’  ir-v D M P O / O H
-H
This mechanism is particularly relevant to biological systems since 
many enzymes involve redox chains. Consequently, for spin traps 
having low oxidation potentials, the hydration route to the hydroxyl 
adduct must be considered a strong possibility. In order to select 
the proper spin trap for the biological study, it is essential to 
know the oxidation potential of each trap and the reduction potential
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of the oxidant in the redox system. We are presently engaged in a 
redox study of various cyclic and acyclic nitrones to determine their 
feasibility with certain biological redox systems.
In summary, DMPO and TMPO were demonstrated to be effective spin 
traps for hydroxyl radicals generated from hydrogen peroxide in both 
aqueous and micellar solutions. The long-chain TMPO derivatives were 
ineffective in scavenging hydroxyl radicals in micelles. Our results 
in micelles suggest that the hydrophilic nitrones are in the bulk 
aqueous phase. The hydrophobic nitrones, however, appear to be 
immobile traps with the nitrone function positioned in the interfacial 
region of the micelle. This interpretation is consistent with our 
previous conclusion concerning phenyl radical trapping. In addition, 
we found that the very reactive hydroxyl radical can abstract hydrogen 
atoms or add into unsaturated centers from some substrates or 
solvents. The resulting secondary radicals are then trapped by the 
nitrones. Consequently, extreme care must be exercised in the 
interpretation of spin-adduct spectra involving hydroxyl radicals.
These results suggest that the nitrone must be in close proximity to 
the site of radical production for efficient trapping of hydroxyl 
radicals. In the case of persulfate in water, we believe that the 
hydroxyl adducts of DMPO and TMPO are produced from hydrolysis of the 
initially-formed sulfate adducts. The large difference observed in 
the 3-hydrogen splitting constant for the hydroxyl adduct of TMPO in 
water and aprotic organic solvents can be ascribed to strong hydrogen- 
bonding of water with the hydroxyl group of the adduct. Finally, the 
addition of the hydroxyl radical to the cyclic nitrones appears to be 
non-stereoselective.
196
Alkyl and Alkoxyl Radicals
Carbon- and oxygen-centered radicals (alkyl and alkoxyl radicals) 
can be generated by various methods. ^  For carbon-centered
radicals these include the decomposition of azo compounds,
R-N=N-R  >- 2 R' + N2
the photolysis of organomercury compounds,
R-HgX ----- »■ R* + "HgX
or
R2Hg  »- R* + "HgR
the photolysis of hexamethylditin in the presence of alkyl halides 
(alkyl iodides are more reactive than the corresponding bromides and 
chlorides),
Me3Sn-SnMe3  ► 2 Me3Sn"
Me3Sn‘ + R-X  >■ R ‘ + Me3Sn-X
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and the reaction of photo-excited benzophenone with alcohols 
possessing a-hydrogens.
h \ )  & 1 *i ^  c  * 3
<f>2CO — V (f>2CO > <()2C0
*3<t>2CO + R2C-OH ----- ► R2C-OH + <f>2C-OH
H
This method can also be used to generate carbon-centered alkylcarbonvl 
radicals from aldehydes.
R-$-H + <J>2CO*3  >- R-21' + <f>2C-OH
The active benzophenone responsible for hydrogen abstraction from the
alcohol or aldehyde is the excited triplet-state ketone. It is formed
via the intial photo-excited singlet-state ketone by unit efficient
142
intersystem-crossing (isc). This particular method has been used
by some workers to study carbon-centered radical-trapping 
12,131,143,144reactions.
For oxygen-centered radicals the photolysis of dialkyl peroxides
R-O-O-R > 2 R0‘
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and diacyl peroxides is normally employed.
0 0 0 
R-fc-O-O-t-R ------>• 2 R-fc-0'
We have used all of the above methods to generate alkyl and alkoxyl 
radicals. Their subsequent trapping in homogeneous and emulphogene 
solutions has been investigated with the four cyclic nitrones. The 
splitting constants for some of the alkyl and alkoxyl adducts of the 
cyclic nitrones are presented in Table VI.
During generation of the carbon-centered radicals, we found that 
oxygen-centered radicals were produced. For example, the radical 
generated from the reaction of tert-butyl iodide with hexamethylditin 
gave the same adduct of DMPO and TMPO as produced from the photolysis 
of di-tert-butyl .peroxide. Alkoxyl adducts are obtained initially 
with the traps when the mixtures are photolyzed with filtered UV light 
for limited time periods. With prolonged exposure to filtered light 
or short exposure to unfiltered light, different spectral patterns 
emerge with splitting constants that are attributed to carbon-centered 
radical adducts. The results in' Table VI show that for the most part 
both types of adducts can be produced with carbon-centered radical 
precursors. In Table VI, the values in homogeneous solution shown 
above the horizontal line represent the alkoxyl adducts and those 
below the line designate the alkyl adducts. The spin adduct values 
with no horizontal line represent alkoxyl adducts only. Some of the
TABLE VI
ALKYL AND ALKOXYL SPIN ADDUCTS OF THE CYCLIC TRAPS
Source Solvent Spin Trap
DMPO TMPO TMPO-C. TMPO-C
16
% ^N -^H
MeI/Me,Sn_ 0 / <J)H 12.9 6.6 2.1 13.0 4.5
14.4 20.7 14.8 23.7
EtI/Me,Sn„ 0 z <J»H 13.0 6.7 2.0 13.2 4.5
14.3 20.6 14.6 22.6
i-PrI/Me,Sn0 
—  0 L <{>H 13.1 6.5 2.0 13.2 5.1
14.2 21.6 14.4 20.4'
t-BuI/Me,Sn0 
—  o /
<J>H 13.3 8.0 2.0 13.5 5.8
14.3 21.1
Allyl Br/Me,Sn„0 L <f>H 13.0 6.8 1.9 13.1 4.6
14.3 20.8
*N
13.3
14.4
14.8
%
5.7C
25.3
22.0*
13.3 6.0
^N
13.1
14.4
14.8
13.3
5.5
25.4 
21. 8€
6.0
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Source Solvent
DMPO
%
B
% V
MeOH/BP* Me OH
13.5 8.9 1.2
15.1 21.2
EtOH/BP* EtOH 13.2 9.0 1.4
15.0 21.8
i-PrOH/BP* jL-PrOH
13.2 8.9 1.4
14.9 23.5
£-BuOH/BP* _t-BuOH 13.3 8.6 1.6
AIBN (j)H 12.7 8.4 1.9
13.8 19.0
AIBNC Emulphogene 15.8 22.2
t^ -Bu202 (j)H 13.2 8.0 2 . 0
£-80202 Emulphogene NT
Spin Trap H
>
TMPO TMPO-C., TMPO-
C16
6 6 B
^N ^N % %
13.8 4.8 13.8 4.7
13.3 6.5 14.0 8.5 14.1 8 . 6
o-
15.3 22.3 15.1 25.9 15.2 25.6
15.4 22.0e 15.3 21.0e
13.2 6.4
15.3 20.5
13.2 5.5 13.1 5.4
13.1 6.3 13.3 8.4 13.3 8 . 2
15.6 28.4 15.3 29.0 15.4 29.1
13.1 7.6
12.9 6. 8 12.8 6.0 12.8 6.0
13.1 10.0 13.2 9.9
NT NT NT
13.5 5.9 13.4 5.0 13.4 5.0
13.6 9.5 13.5 9.7
NT NT NT
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hyperfine splitting constants in gauss units 
NT = no trapping of the respective radicals
RX/Me,Sn„ = photolysis of alkyl halide/hexamethylditin mixture 
D Z
ROH/BP = reaction of alcohol with photo-excited benzophenone
AIBN = decomposition of 2,2'-azobis(2-methylpropionitrile) [ (Me^CCCN) 
(photolytic or thermal)
^-Bu^O^ = photolysis of di-tert-butyl peroxide
solubilization in micelles was aided with a small amount of Me^CO 
broad spectrum 
weak spin adduct
202
splitting values for the alkyl and alkoxyl adducts of DMPO and TMPO
12 57have been reported by Janzen and Liu and Janzen et^  cLl. Our values
are generally in agreement with the literature values after
consideration of solvent polarity. Control experiments showed no
other nitroxides contributing to the observed spin adduct spectra.
Photolysis (filtered UV) of either benzophenone or hexamethylditin in
benzene in the presence of TMPO gave no observable nitroxyl radicals.
Also, photolysis of a mixture of iodomethane and TMPO in benzene
produced only a small amount of a 3-line spectrum (a^ = 6.4 G). The
alkoxyl adducts of DMPO showed additional hyperfine splitting (a^ )
due to either one of two 6-ring hydrogens. This long-range coupling
is absent for TMPO and its derivatives which indicates that this
splitting comes from the 3-position in the DMPO adducts. The alkyl
adducts did not give these additional splittings.
Except for the alcohol systems, the alkoxyl adducts derived from
the alkyl radical precursors probably originate from the reaction of
alkyl radicals with molecular oxygen. Trace amounts of dissolved
oxygen remained in solution after degassing with argon for 10-15
minutes. The degassing protocol used by Pryor and Church^"’ (purging
of sample with nitrogen under vacuum) yielded the same trapping
results. However, we never attempted to degas.our samples by
freeze-pump-thaw cycles. The putative alkylperoxyl radicals
reportedly react with PBN to give alkylperoxyl adducts (a^ = 13.4 G
and a„^ = 1.2 G in dichloromethane). However, these adducts
are only stable at very low temperatures (-80°C) and decompose at
£
ambient temperature to alkoxyl adducts (a^ = 13.5 G and a^ = 1.6 G).
148However, Ohto et^  al. find that the alkylperoxyl adducts of PBN with
g
a„ = 13.3-13.7 G and a„ = 1.2-1. 8 G are stable at ambient N H
temperatures. We suspect that similar reactions are occurring in our 
study. At early times with filtered UV light, alkyl radicals react 
with oxygen to give alkylperoxyl radicals which produce alkoxyl 
adducts. As the oxygen is depleted by further illumination, the alkyl 
radicals produce the expected alkyl adducts and the alkoxyl adducts 
decompose. The photolytic decomposition of limited 2,2'-azobis- 
(2-methylpropionitrile) (AIBN) in benzene in the presence of DMPO is 
illustrative of this series of events. Figure 17 shows the alkoxyl 
(2-cyano-2-propoxyl) adduct of DMPO after 15 seconds of photolysis 
(filtered UV), a mixture of the alkoxyl and alkyl (2-cyano-2-propyl) 
adducts after 5 minutes of photolysis, and only the alkyl adduct 
during continuous photolysis. Subsequent to these experiments no 
alkoxyl adducts were detected in the solution after 30 minutes in the 
dark.
The effect of oxygen was also observed with the benzoyl system. 
Photolysis of benzil ((4>C0)and reaction of benzaldehyde with 
photo-excited benzophenone, two methods used to generate benzoyl 
radicals, gave the benzoyloxyl radical adduct of TMPO in benzene
g
(a„ = 12.7 G and aT1 = 8.0 G). This adduct was confirmed by N H
irradiation of benzoyl peroxide in the presence of TMPO. We have also 
confirmed certain alkyl and alkoxyl adducts of DMPO and TMPO in 
benzene. Photolysis of methylmercuric iodide or bromide gave 
initially methoxyl adducts and finally the methyl adducts. Likewise, 
photolysis of azo-isopropane (AIP) gave the isopropoxyl and isopropyl
204
Figure 17: EPR spectra for the spin adducts produced from DMPO and
AIBN in benzene.
A) 2-cyano-2-propoxyl adduct of DMPO
B) mixture of 2-cyano-2-propoxyl and 2-cyano-2-propyl 
adducts of DMPO
C) 2-cyano-2-propyl adduct of DMPO 
+ - nitroxide by-product
<901
CO
901
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adducts. The alcohols containing a-hydrogens when reacted with photo­
excited benzophenone also gave alkoxyl adducts with the cyclic traps. 
However, in contrast to the other carbon-centered radical-generating 
systems, it appears that the alkoxyl radicals derived from the 
alcohols are produced by reaction of the excited benzophenone with the 
hydroxyl hydrogen.
*3R-OH + tj>2C 0 ----- *■ RO + <j>2C-0H
This is proved by tert-butyl alcohol, devoid of a-hydrogens, which
gave a good yield of the tert-butoxyl adduct and no alkyl adduct with
DMPO and TMPO. Normally, lead tetrdacetate is used to produce alkoxyl
149 150radicals from alcohols. ’ Replacement of benzophenone with 
hydrogen peroxide as initiator gave the same trapping results with the 
alcohols. In the experiments with benzophenone and the alcohols, we 
found that benzene could not be used as solvent due to solvent-derived 
radical trapping. TMPO gave adducts having aN = 13.2 G and 
a„3 = 8.9 G.H
No dramatic change is apparent in the nitrogen splitting 
constants of the DMPO and TMPO adducts for the same radical trapped 
(Table VI). In contrast, the 8-hydrogen splitting constants differ, 
especially for the alkoxyl adducts. The alkoxyl adducts of DMPO have 
about 2 G larger 8-hydrogen splitting constants than those for the 
corresponding TMPO adducts. The adducts of DMPO and the TMPO traps
209
produced from the alkyl radical derived from isopropyl alcohol gave
very large 3-hydrogen splittings. This is presumably due to
intramolecular hydrogen-bonding of the hydroxyl hydrogen of the
attached radical with the nitroxyl oxygen. For the adduct to achieve
this conformation, the 3-hydrogen must be in a pseudo-axial position.
The adducts produced from the remaining alcohols do not adopt this
conformation since similar 3-hydrogen splitting constants are observed
with the alkyl adducts generated from the alkyl halides (e.g., compare
the adducts from MeI/MegSn2 with those from MeOH/BP ). Janzen*and 
12
Liu observed about 2 G larger 3-hydrogen splitting constants for the
1-hydroxyalkyl and 2-hydroxypropyl adducts of DMPO compared to the
131alkyl adducts in benzene. Janzen and Lopp obtained similar results 
with N-tert-butyl nitrone. In both cases this effect was attributed 
to intramolecular hydrogen-bonding. Thus, these investigators, unlike
g
us, observed larger than normal a„ values for the adducts derived
H
from primary alcohols (e.g., ethanol). This difference may be 
explained by the solvent. Although our trapping experiments were 
performed in the alcohol solvents, those of Janzen and co-workers were 
done in benzene where intramolecular hydrogen-bonding is more 
favorable. It is interesting to note that for the 1-hydroxyethyl
f
adduct of TMPO, we observed additional long-range hydrogen splitting
y
(a ' = 1.9 G) in the spectrum. In ethanol-OD, the same spectral ri
pattern was obtained, indicating that the splitting arose from the 
single a-hydrogen of the ethanol radical and not from the hydroxyl 
hydrogen. This additional splitting was not present in the DMPO 
adduct ruling out the possibility of diastereomeric spin adducts.
Certain alkyl radicals could not be trapped by TMPO. These
included the tert-butyl, allyl, and 2-cyano-2-propyl (from AIBN)
radicals. In fact, the isopropyl adduct of TMPO was short-lived, weak
in intensity, and only detected spectrally with continuous photolysis
(no filter). However, the corresponding alkoxyl adducts derived from
the above radicals could be produced with no difficulty. Since DMPO
was able to trap the above alkyl radicals, then the geminal dimethyl
groups at C-3 of TMPO must hinder the approach of the incoming radical
at the nitronic carbon atom. For the tert-butyl and isopropyl
radicals, this suggestion seems plausible. Indeed, construction of
Dreiding models shows great steric restriction for the approach of
33these radicals to TMPO. In this connection, Maeda and Ingold found
the reactivity of DMPO and PBN toward secondary and tertiary alkyl
radicals in benzene to be significantly lower compared to primary
alkyl radicals. The allyl radical should be similar in size to the
propyl or ethyl radical and consequently should not be sterically-
hindered. We believe that both steric and resonance influences of
free radicals govern the ability of TMPO to trap various radicals.
From these studies we would predict that only benzyloxyl radicals
would be trapped with TMPO when benzyl radicals are generated from
benzyl bromide and hexamethylditin. The possibility of an SET process
occurring with these alkyl radicals to yield non-radical products can
be rejected. Although electron transfer would produce stabilized
alkyl cations, the nitrone radical-anion should be quite unstable
*
since the additional electron occupies a it -molecular orbital.
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TMPO + R'  A/— ► TMPO' + R
+
Thus, the reason for the failure to trap the allyl radical is at 
present unknown. We observed a complete disappearance of spin adduct 
signals with TMPO during the generation of the above carbon-centered 
radicals after very brief time (15 seconds) exposure to unfiltered UV 
light. No signals were noted several minutes after photolysis in the 
dark. Perhaps these radicals, including the isopropyl radical, react 
with the initially-formed alkoxyl adducts to yield non-radical 
products.
Reaction at the nitroxyl oxygen of the nitroxide is likely since this 
site is sterically uncongested in contrast to the nitronic carbon 
atom. Unlike the other bulky alkyl radicals, the bulky 2-hydroxy- 
2-propyl radical did give spin adducts with the TMPO traps. However, 
they formed very slowly in the dark following photolysis. The 
intramolecular hydrogen-bonding in the adduct appears to facilitate 
this reaction.
Iwamura and Inamoto^^’^ ^  report that AIBN reacts with DMPO in 
xylene to give, besides other products, a stable nitroxide (6 lines)
+ R
0 . OR
g
having = 14.6 G and a^ = 20.4 G. They assigned this nitroxide to 
the 2-cyano-2-propyl radical adduct based on the splitting constants
g
for the pyrrolidine-N-oxyl radical (aM = 14.9 G and au = 19.6 G).
N ri
However, we obtained smaller values for both splitting constants of a
6
spin adduct in benzene and xylene (a = 13.8 G and au = 19.0 G),
N H
which we also assigned as the 2-cyano-2-prop.yl adduct of DMPO. This 
adduct was considerably less stable than the alkoxyl adduct produced 
initially. Smaller splitting constants compared to those for non­
substituted alkyl radical adducts are anticipated due to the electron- 
withdrawing cyano group. Iwamura and Inamoto^^ also report that TMPO 
and 2,4,4-trimethyl-l-pyrroline-N-oxide (a precursor to TMPO) do not 
give spin adducts or other radical addition products in the presence 
of A1BN. They explained this by the steric bulk around the nitrogen 
and a-carbon atoms of the two nitrones. We observed spin adducts with 
these two nitrones during the decomposition of AIBN in benzene. TMPO
g
gave a 6-line pattern having aN = 12.9 G and aR = 6 . 8 G, and the 
trimethyl nitrone compound gave a 12-line pattern having aN = 14.4 G
g
and a^ =16.5 and 21.1 G. However, these adducts arise from the
trapping of alkoxyl radicals derived from AIBN. The protocol used by
151Iwamura and Inamoto for the degassing of their solutions was not 
given.
g
Our studies with the TMPO trap revealed that the a„ values aren
independent of the alkyl chain length for the attached radical at Ca< 
Trapping of carbon-centered pentyl, dodecyl, and hexadecyl radicals 
generated from their respective alkyl iodide and hexamethylditin in 
benzene with TMPO gave spin adducts having essentially the same
213
splitting constants for the nitrogen and 8-hydrogen nuclei
g
(aM = 14.6 G and au = 22.8 G) as the values obtained for the adduct N ri
produced from the trapping of ethyl radicals. Moreover, their 
corresponding alkoxyl adducts gave the same splitting constants
g
(a^ = 13.2 G and a^ = 4.5 G) as those for the ethoxyl adduct of TMPO. 
Consistent with these results, we found that the splitting constants 
for the lauroyloxyl adduct of TMPO in benzene (a^ = 13.1 G and
g
aR = 4.5 G) are similar to those of the propanoyloxyl adduct
g
(a^ = 13.3 G and a^ = 4.7 G). The lauroyloxyl and propanoyloxyl 
radicals were generated from the photolysis of lauroyl peroxide and 
the reaction of propanal with photo-excited benzophenone, 
respectively. Secondary-carbon-centered radicals also showed no
g
significant effect of alkyl chain length on the a„ values. Trapping
n
of the 2-octoxyl and 2-octyl radicals with TMPO in benzene gave spin 
adducts having similar splitting constants (a^ = 13.2 G and
g g
a^ = 5.3 G; a^ = 14.4 G and a^ = 21.3 G, respectively) as those 
obtained for the isopropoxyl and isopropyl adducts of TMPO. The 
2-octyl adduct of TMPO was short-lived like the isopropyl adduct. The 
2-octyl radical precursor, 2-iodooctane, was synthesized and purified 
as described in the experimental chapter (Chapter V).
The trapping characteristics of alkyl and alkoxyl radicals by the 
long-chain TMPO derivatives were similar to the parent TMPO compound. 
However, the distinguishing feature between these traps and TMPO was 
their ability to yield diastereomeric nitroxides with these radicals.
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The alkoxyl adducts generally gave broad, 6-line spectra (2-3 G line-
widths) in benzene. The first and last signals in the spectra could
be partially resolved, strongly suggesting two isomeric nitroxides
with similar coupling behavior. Low modulation settings failed to
give a fully-resolved spectrum. The spectrum for the methoxyl adducts
of TMPO-C^ in benzene is shown in Figure 18. Noteworthy, the spectra
remained broad several minutes in the dark following photolysis of the
mixtures, indicating that the two isomers have similar stabilities.
Indeed, trapping of alkoxyl radicals derived from the alcohols gave
better resolved spectra as 12-line patterns in the alcohol solvents.
The alkoxyl adducts having the smaller 8-hydrogen splitting constants
were produced in higher yield. Both isomeric adducts were persistent
in the dark. However, trapping of the tert-butoxyl radical and the
alkoxyl radical derived from AIBN by the TMPO derivatives gave two
very distinct isomers in benzene which were cleanly resolvable as
12-line spectra. The spectrum for the tert-butoxyl adducts of
TMPO-C,, in benzene is depicted in Figure 19. From Table VI,
16
differences in the splitting constants of the two isomers is about 
4-5 G for 8-hydrogen (solvent-dependent values) and less than 1 G for
Figure 18: EPR spectrum for the methoxyl adducts of TMPO-C^
benzene.
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Figure 19: EPR spectrum for the tert-butoxyl adducts of TMPO-C^
in benzene.
X - diasteromeric adduct with larger hyperfine 
splitting constants 
0 - diasteromeric adduct with smaller hyperfine 
splitting constants 
+ - nitroxide by-product
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nitrogen. The isomer having the smaller hydrogen splitting constant 
was produced in higher yield, while the other isomer having the larger 
hydrogen splitting constant was moderately less stable in the dark. 
There is no evidence of benzene-derived adducts for these nitrones,
since TMPO-C^ gave a similar well-resolved 12-line pattern
8 8 
(a^ = 13.1 G and a^ = 6.5 G ; a ^ =  13.6 G and a^ = 11.7 G) from
decomposition of AIBN in acetonitrile. Interestingly, no trapping of
the tert-butoxyl radical occurred with TMPO-C^ during photolysis of
di-tert-butyl peroxide in acetonitrile. Only the 3-line pattern
(a^ = 6 . 6 G) of the acyl nitroxide appeared. However, in methyl-
cyclohexane TMPO-C^ gave broad, 6-line spectra for the 2-cyano-
g
2-propoxyl adduct (a^ = 12.8 G and a^ = 5.7 G) and the tert-butoxyl 
adduct (a^ = 13.1 G and a^ = 6.1 G). Apparently, the nitrogen and 
(3-hydrogen splitting constant^ of tertiary alkoxyl adduct isomers of 
the long-chain TMPO traps are more sensitive to solvent polarity 
compared to the other alkoxyl adducts. We believe that the (3-hydrogen
Q
atom giving rise to the smaller splitting constant (a„ ) is trans toH. '
the 5-methyl group. This implies that the direction of attack of the 
alkoxyl radical at the nitronic carbon atom is trans to the long 
aliphatic chain. This mode of addition is expected to be sterically 
more favorable than the cis addition.
■OR'+
0 .
O R ’
0 .0-
larger smaller a,.
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The stereoselectivity of the .reaction of alkyl radicals with the 
long-chain TMPO traps depended on the radical. For unhindered alkyl 
radicals both isomers were obtained, and the isomer having the larger 
8-hydrogen splitting constant was formed in much higher yield. The 
difference in the 8-hydrogen splitting constants for the isomers is 
about 3-5 G (solvent-dependent values). The spectrum for the hydroxy- 
methyl adducts of TMPO-C^g in methanol is shown in Figure 20. Steric 
considerations suggest that the isomer giving rise to the larger 
B-hydrogen splitting is the one in which the 8-hydrogen is trans to 
the 5-methyl group.
+
0 .0 .0-
larger ajj smaller
As in the case of phenyl radicals, it appears that the addition is 
stereoselective for bulky alkyl radicals (e.g., the 2-hydroxy-2-propyl 
radical from isopropyl alcohol). Likewise, we believe that
stereoselective addition occurs from the less hindered side of the
(
spin trap (i.e., cis to the 5-methyl group). Molecular modeling 
studies on these 5-member ring systems may rationalize the differences 
in the stabilities of the two isomers for both the alkoxyl and alkyl 
spin adducts.
The large differences in the 8-hydrogen splitting constants for 
the alkoxyl and alkyl spin adducts of the cyclic 5-member ring
Figure 20: EPR spectrum for the hydroxymethyl adducts of TMPO-C
in methanol.
X - diasteromeric adduct with larger hyperfine 
splitting constants 
0 - diasteromeric adduct with smaller hyperfine 
splitting constants
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12 57nitrones are well-known. * The methoxyl and methyl adducts of TMPO
in benzene are representative examples. Their conformations are
illustrated in Figure 21. The difference in the 3-hydrogen splitting
constants for the two spin adducts is an enormous 19.2 G, which
corresponds to a difference of 33° in dihedral angles. This is
difficult to explain from a steric viewpoint, since the methoxyl and
methyl radicals are expected to possess similar steric requirements.
However, the two radicals differ in electronic properties with the
methoxyl group being much more electronegative than the methyl group.
In Figure 21, the methoxyl group eclipses the semi-occupied nitrogen
p-orbital, analogous to the hydroxyl adduct of TMPO (Hydroxyl Radical
section). This results in an equatorial position for the 3-hydrogen
atom and a small splitting constant (i.e., 4.5 G). In contrast, the
methyl group prefers an equatorial position at the a-carbon atom.
This results in an axial position for the 3-hydrogen atom and a large
splitting constant (i.e., 23.7 G). Janzen t^^  al.^^ postulate a gauche
effect for these cyclic systems. The gauche effect, as explained in
terms of molecular orbital (MO) theory, is the tendency of vicinal
polar bonds to adopt a gauche conformation (i.e., a dihedral angle of 
153-157
^60°). They propose that the nitrogen p-orbital attempts to
reach a more gauche conformation with the C^-0 or other 
electronegative atom or group, if the nitroxyl function becomes more 
and more nonplanar as the electronegativity of the a-substituent 
increases. We believe that these large differences in the splitting 
constants can be better explained in terms of the anomeric 
effect, 158,160 which is a special case of the gauche effect. The
224
Figure 21: Conformations for the methoxyl and methyl adducts of
TMPO in benzene.
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METHOXYL and METHYL SPIN ADDUCTS 
of TMPO in BENZENE
0
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gauche effect applies to acyclic systems where usually an oxygen atom 
and another electronegative atom are bound to the same carbon by 
o-bonds. The anomeric effect is derived from the preferred axial 
orientation of substituents at the anomeric position in Carbohydrate 
pyranose rings. This effect results from delocalization of a 
heteroatom lone pair into an adjacent polar bond, which increases the 
stability of conformations with the lone pair in the same plane as the 
polar bond. The heteroatom for our systems is the nitroxyl nitrogen 
atom and the polar bond is the C^-0 cr-bond. The stabilizing effect
results from the interaction between the nitrogen p-n orbital and the
* 161  a -orbital from the C^-0 bond. Chatgilialogul and Ingold
recognized this effect in the acyclic CF^NCC^Cl^OR radicals, where the
RO group is eclipsed with the nitrogen p-orbital. They suggest that
the small splitting constants of the cyclic DMPO adducts can also be
explained by the anomeric effect. We concur and suggest that larger
than normal 6-hydrogen splitting constants for alkoxyl and hydroxyl
adducts of DMPO and TMPO may be due to solvent interactions, which
tend to skew the attached radical from the eclipsed position. Alberti 
162et al. found similar trends with adducts of TMPO produced from 
trapping of Group V-VII radicals (e.g., nitrogen-, phosphorus-, and 
sulfur-centered radicals and the fluorine atom). The adducts of 
Groups III and IV radicals (e.g., boron-, silicon-, and germanium- 
centered radicals), however, gave large 6-hydrogen splitting constants 
similar to the carbon-centered radical adducts. They postulated an 
anomeric effect as a cause of the small 6-hydrogen splitting constants 
for the spin adducts of Group V-VII radicals. Because non-bonded
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attractive interactions do not occur in the alkyl adducts, it is 
expected and experimentally observed that their low energy 
conformational forms will be the staggered structures. Figure 21 
shows that the staggered conformer of the methyl adduct of TMPO 
possesses a very planar ring structure. These arguments also apply to 
other alkyl adducts and the phenyl adducts.
In emulphogene micellar solution, TMPO and its derivatives did 
not trap oxygen- and carbon-centered radicals derived from the lipid- 
soluble di-tert-butyl peroxide and AIBN. However, DMPO gave trapping 
with both radical precursors, yielding 10-line isotropic spectra. The 
spin adducts were produced upon photolysis (filtered UV) of the 
mixtures. Each spectral pattern was assigned to two spin adducts: the 
hydroxyl adduct (4 lines) and a carbon-centered radical adduct 
(6 lines). The isotropic spectra preclude any emulphogene-derived 
adducts. Similar trapping results would be expected for the SDS 
micelles.
The hydroxyl adduct was formed in much higher yield. The
coupling constants for this adduct produced from the two radical
sources were essentially the same (a^ = a^ = 14.9 G and 14.8 G with
di-tert-butyl peroxide and AIBN, respectively). Small amounts of
41ethanol, a competitive scavenger of free hydroxyl radicals, did not 
inhibit formation of the hydroxyl adduct. Consequently, it appears 
that hydroxyl adduct arises from hydration of the DMPO radical-cation.
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The absence of spin adduct signals with TMPO in the micellar solution 
is perplexing since an SET mechanism is possible and TMPO is expected 
to be located in the same environment as DMPO.
The carbon-centered radical adduct of DMPO produced from di-tert- 
butyl peroxide was assigned to the methyl adduct (aN = 15.8 G and
g
a„ = 22.3 G). Likewise, in water no tert-butoxyl adduct was formed H
g
with DMPO. Rather, the hydroxyl adduct (aM = a = 15.0 G) and the
N H
methyl adduct (a.T = 16.3 G and a„ = 23.4 G) were produced, the former N H
in slightly higher yield. The methyl adduct can be easily explained
since the tert-butoxyl radical is known to undergo a 8-scission
163
reaction giving a methyl radical and acetone.
accelerates the fragmentation of tert-butoxyl radicals. Reports by
Me3C0" Me * + Me2C0
This reaction is reported to be endothermic (AH = 5 kcal/mol). 
164Walling and Wagner found that increasing solvent polarity
Gilbert et al.1^^ and Kennedy et al.*^ identify this process in
aqueous and biological systems, respectively.
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The carbon-centered radical adduct of DMPO produced from AIBN
was assigned to the 2-cyano-2-propyl adduct (aN = 15.8 G and 
£
a„ = 22.2 G). In contrast to homogeneous solutions, no alkoxvl 
adduct was obtained from the decomposition of AIBN in emulphogene 
solution. It is known that the oxygen tension in micelles is lower 
than in organic solvents.Apparently, this accounts for the 
absence of alkoxyl adducts from alkyl radical precursors. This effect 
was also confirmed with azo-isopropane (AIP). Its decomposition in 
emulphogene solution gave two spin adducts with DMPO: the hydroxyl 
adduct (a^ = a^ = 14.9 G) and a carbon-centered radical adduct 
assigned to the isopropyl adduct (aN = 15.9 G and afi = 23.6 G). 
Interestingly, small amounts of ethanol completely inhibited 
production of the hydroxyl adduct from AIP, which strongly suggests 
that free hydroxyl radicals are formed by reaction of isopropyl 
radicals with water (i.e., hydrogen abstraction). This contrasts with 
the behavior of di-tert-butyl peroxide and AIBN and is probably due to 
the electronic nature of the radical. The tert-butoxyl and 2-cyano- 
2-propyl radicals are more electrophilic than the isopropyl and other 
carbon-centered radicals and therefore are more likely to participate 
in SET processes with the nitrones.
All of the cyclic nitrones were effective in trapping alkoxyl 
radicals in homogeneous solution. The DMPO trap was an excellent 
scavenger of alkyl radicals, whereas the TMPO traps gave selective 
trapping of these radicals. Stabilized carbon-centered radicals could 
not be scavenged by the TMPO traps due principally to the steric 
congestion from the geminal dimethyl groups at C-3. The extremely low
values for the 3-hydrogen splitting constants for the adducts of the
TMPO traps produced from carbon-centered radical precursors result
from the initially-formed alkoxyl adducts, not the steric environment
of the 3-hydrogen of the carbon-centered radical adducts as originally
56suggested in our published paper. Residual oxygen present in the 
spin-trapping mixtures is ultimately responsible for the alkoxyl 
adducts. DMPO was able to trap carbon-centered radicals derived from 
di-tert-butyl peroxide, AIBN, and AIP in emulphogene micellar 
solution. The hydroxyl adduct of DMPO was also produced in high yield 
from these radical precursors. For di-tert-butyl peroxide and AIBN, 
it is produced from the hydration of the DMPO radical-cation, while 
for AIP it is produced from the trapping of free hydroxyl radicals. 
However, no trapping of radicals occurred in emulphogene micellar 
solution with TMPO and its long-chain derivatives. The small values 
in the 3-hydrogen splitting constants for oxygen-centered radical 
adducts of DMPO, TMPO, and their derivatives can be attributed to the 
anomeric effect which promotes the eclipsed conformation. On the 
other hand, the carbon-centered radical adducts give the expected 
staggered conformations. Finally, the spin-trapping results obtained 
for the TMPO derivatives revealed that both geometric isomers are 
produced with alkoxyl radicals and unhindered alkyl radicals. For 
more bulky alkyl radicals, analogous to the phenyl radical, 
stereoselective addition yields only one of the two isomers.
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ACYCLIC AROMATIC NITRONES
Introduction
The spin-trapping characteristics of the acyclic aromatic 
nitrones, PBN and its derivatives, were investigated by EPR 
spectroscopy. These studies were conducted in homogeneous and 
emulphogene micellar solutions with a few small carbon- and oxygen- 
centered radicals as well as hydrogen atoms. Radical addition to PBN 
and its derivatives gave spin adduct spectra typical of a-substituted 
benzyl tert-butyl nitroxides.
0-  0 *
1+ I
Ar-CH=N-CMe3 + X' ----- *■ Ar-CH-N-CMe3
X
Both carbon- and oxygen-centered radicals gave triplet of doublet
patterns (6 lines; aM > a ). We usually observed sharp lines (line-N H
widths 1 G or less) in the spectra for nitroxides of PBN and its 
derivatives in homogeneous solution. Janzen and co-workers^’
I
reported that small unresolved interactions with the nine equivalent 
y-protons in the tert-butyl group increase the line-width of the 
peaks. Deuteration of these nine hydrogens to give PBN-dg further 
resolved splittings for certain alkyl adducts. Additional deuteration 
of PBN to give PBN-d^ gave even better resolution for these trapped 
radicals, showing that the phenyl hydrogens do interact via long-range
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coupling to the nitroxyl function. Like the 6-hydrogen splittings, 
the magnitude of the splittings for y-hydrogen and other distant
g
nuclei will depend on conformation. Perkins notes that only 
exceptionally, as in the relatively rigid cyclic nitroxides, do they 
exceed 0.5 G.
In contrast to the cyclic nitrones, the PBN spin traps do not
distinguish radicals particularly well. The PBN spin adduct spectra
are less definitive because of the relatively small variation in the
g
doublet splitting as a function of trapped radical. The a„ values 
for PBN adducts were confined to rather narrow ranges: about 1-5 G 
compared to 4-29 G for the cyclic spin adducts. However, the aN 
values closely paralleled those for the DMPO and TMPO adducts (about 
13-16 G). As expected, both the 6-hydrogen and nitrogen splitting 
constants were solvent-dependent: polar solvents gave larger splitting 
constants.
Unlike the rigid cyclic nitroxides, the nitroxides of PBN and its
derivatives show free rotation about the C -N bond. However,a
different attached radicals gave different splittings for the
6-hydrogen, indicating some restricted rotation. Obviously, the
steric bulk of the attached radical at influences the 6-hydrogen
splitting constants for these systems. Also, for ortho-substituted
PBN nitroxides the substituted benzyl group causes substantial steric
hindrance to free rotation and larger 6-hydrogen splitting constants.
22
A review article by Janzen ££ ajL. describes and illustrates these 
effects for PBN. However, since the oxygen-centered radical adducts 
give the smallest 6-hydrogen splitting constants, we believe that the
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anomeric effect described for the cyclic nitroxides operates with 
these adducts as well. The equilibrium conformations of the oxygen- 
centered radical adducts would place the attached radicals eclipsed 
with the semi-occupied nitrogen p-orbital. For the oxygen-centered 
radical adducts in polar, protic solvents and the carbon-centered 
radical adducts, the attached radicals would be off-center from the 
p-orbital in their equilibrium conformations.
For PBN in homogeneous solution, our spectral results for the
g
most part agree with those tabulated in a review by Perkins. Our
investigations showed that PBN is as efficient as some of its 
derivatives in trapping radicals. Other derivatives were less 
effective and could not be used in the forthcoming biological studies. 
In micellar solution, PBN was found to be a better scavenger of small 
radicals from various radical precursors than the water-soluble 
P B N - N M e ^ C l trap and the lipid-soluble DoPBN trap, reported to be so 
useful in biological studies.^’
Radical Trapping in Homogeneous Solution
The spin-trapping results from the reaction of PBN and its 
derivatives with a few radicals in homogeneous solution are presented 
in Table VII. The reactions were usually performed in benzene and 
water. However, for the water-insoluble (PBN-Me^, DoPBN, Bu^PBN-OH, 
PBN-Br, and PBN-NC^) and lipid-insoluble (PBN-NMe^Cl ) traps, 
acetonitrile was used. Methanol and DMSO were used with the insoluble 
PBN-OH.
Spin Trap
PBN
PBN-Me
PBN-Me3
2-PBN-OMe
4-PBN-OMe
DoPBN
PBN-OH
Bu2PBN-OH
PBN-NMe2
TABLE VII
SPIN ADDUCTS OF PBN AND DERIVATIVES 
IN HOMOGENEOUS SOLUTION3
Radical Source^(solvent)
PAT(<j>H) PDH(H20) Bu3SnH(<}iH) H202(H20) _t-Bu202(<f>H)
5n
8 8
% ^N a ^ U H )
8
%  ^H %
8
%
14.5 2.2 16.1 4.4 15.0 7.5 15.4 ' 2.7C 14.4 2.0
14.5 2.2 16.1 4.4 14.9 7.5 15.5 2.7C 14.4 1.9
14.8 9.0 NT
(MeCN)
16.1 14.0 12.9 5.7 
(MeCN)
13.6 8 . 2
14.6 2.8 16.1 5.5 15.1 8 . 2 15.5 3.3° 14.2 2.1
14.5 2.2 16.1 4.3 15.0 7.5 15.5 2.9C 14.5 1.9
14.5 2.2 14.7 2.8 
(MeCN)
15.0 7.5 13.8 2.5 
(MeCN)
13.5 1.6
--- -- 15.2 3.4 
(MeOH)
15.9 8.4 
(MeOH)
14.0 2.5 
(DMSO)
14.1 2.4 
(DMSO)
14.5 2.2 14.9 3.0 
(MeCN)
15.0 7.5 14.0 2.7 
(MeCN)
NT
14.6 2.3 NT 15.2 7.1 NT 14.5 1.9
234
Spin Trap
PBN-Br
PBN-NO.
PBN-NMe3+Cl"
Radical Source^(solvent)
PAT((}iH) PDH(H20) Bu3SnH(<j>I1) h2o2(h2o) t-Bu20 2(+h)
8
%
6
-N -^ N a ^  (2H)
8
^N % ^N
8
%
14.4 2.1 14.6 2.6 
(MeCN)
14.9 7.5 13.6 2.2 
(MeCN)
14.1 2.1
14.3 2.1 14.6 2.8 
(MeCN)
14.8 7.8 13.4 2.0 
(MeCN)
13.9 2.1
____ 15.9 3.9 15.3 9.2 NT 13.7 2 . 0
(MeCN) (MeCN)
a hyperfine splitting constants in gauss units 
NT = no trapping of the respective radicals
b PAT = decomposition of (jj^CN^*)) (photolvtic or thermal)
PDH = reductive decomposition of <{iN2+PFg (photolytic or thermal) 
Bu^SnH = photolysis of tributyltin hydride 
^2^2 = Photolysis hydrogen peroxide
= photolysis of di-tert-butyl peroxide 
c short-lived spin adduct
hO
U>U1
TABLE 
VII 
(cont'd.)
The phenyl radical was effectively scavenged by all of the PBN 
traps in benzene when the lipid-soluble PAT was used as the radical 
source. The resulting phenyl adducts were generated spontaneously in 
high yield, except for the adduct of PBN-Me^, and were quite 
persistent. Photolysis (filtered UV) of the mixtures gave stronger
6-line spectra. However, with the water-soluble PDH phenyl radical 
source, different results were obtained. Photolysis (filtered UV) of 
the spin trap mixtures was required to generate the phenyl adducts, 
except for PBN, which gave spontaneous phenyl adduct formation. 
Considerably weaker spectra were obtained compared to the spectra from 
PAT. In all cases the addition of PDH to the mixtures gave a light 
yellow color which intensified to a yellow-orange color with either 
warming or photolysis. Noteworthy, the PBN-Me^ and PBN-NMe^ nitrones 
gave more intense yellow colors and did not trap phenyl radicals. No 
spin adduct signals were detected with PBN-Me^, but an unassignable 
triplet of 6 lines (18-line spectrum with line-spacings of 1.4 G in ' 
each triplet) was obtained after photolysis of the mixture with 
PBN-NMe^. The results with PDH are consistent with those for the 
cyclic traps and are strongly suggestive of an SET process for the 
nitrones leading to non-radical products. The absence of phenyl 
trapping with the electron-rich PBN-Me^ and PBN-Nl^ nitrones supports 
this suggestion. Nevertheless, the electron-rich B^PBN-OH trap gave 
phenyl trapping with PDH in acetonitrile, albeit in low yield. The 
major radical was assigned to the stable phenoxyl radical (below), 
which imparted a blue color to the solution. The phenoxyl radical 
appeared as a 13-line pattern in the spectrum (line-spacings of 1.3 G)
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MeqC
0-
CH=N-CMe
Me3C
that obscured the middle two signals of the 6-line phenyl adduct 
spectrum. Pacifici and Browning*^ found that oxygen-centered 
radicals could be distinguished from carbon-centered radicals with 
this spin trap. The former radicals preferentially abstract the 
phenolic hydrogen atom to yield the stable phenoxyl radical (18-line 
spectrum), while the latter radicals preferentially add to Cq of the 
nitrone moiety to yield the nitroxide (6-line spectrum). In a 
separate experiment we were able to produce a high yield of the stable 
phenoxyl radical of BU2PBN-OH in benzene by bubbling oxygen through 
the solution. A well-resolved 18-line spectrum for this radical is 
illustrated in Figure 22. We obtained a low yield of the phenoxyl 
radical with PAT. From our results we conclude that PDH oxidizes 
BU2PBN-OH to the phenoxyl radical by SET, accounting for the low yield 
of the phenyl adduct. No evidence of a phenoxyl radical was shown 
with PBN-OH, which gave a good yield of the phenyl adduct with PDH in 
methanol.
The spectra of the phenyl adduct of PBN generated in benzene with 
PAT and in water with PDH are shown in Figure 23. The large 
difference in the splitting constants is attributed to a solvent 
effect. The sterically-hindered PBN-Me^ and 2-PBN-OMe traps gave 
phenyl adducts with larger than normal 8-hydrogen splitting constants.
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Figure 22: EPR spectrum for the phenoxyl radical of BU2PBN-OH
in benzene.
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Figure 23: EPR spectra for the phenyl adduct of PBN.
A) in benzene
B) in water
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These occur in the trapping of other radicals as well and result from 
the greater steric bulk of the phenyl ring at the nitronic center and 
consequently more restricted rotation in the C^-N bond. A dramatic 
effect in the B-hydrogen splitting constants is observed when both 
ortho-positions are substituted (i.e., nitroxides of PBN-Me^) compared 
to only one position (i.e., nitroxides of 2-PBN-OMe).
We are aware of two published papers concerning spin trapping
with sterically-hindered PBN derivatives: the water-soluble sodium
ot-(2-sulfonatophenyl)-N-tert-butyl nitrone*^ and a-(2,4,6-trimethoxy-
phenyl)-N-tert-butyl nitrone.*^ Both reported larger than normal
B-hydrogen splitting constants for the spin adducts and a wider range
of B-hydrogen splittings for a variety of radicals trapped. It is
interesting to note that the phenyl adduct of PBN-NMe^ gave slightly
larger nitrogen and B-hydrogen splitting constants compared to the
values for PBN phenyl adduct. The adduct of PBN-NO^ gave slightly
smaller constants compared to the PBN adduct. These results suggest
substituent effects from the substituted phenyl moiety, insulated from
the nitroxide radical center by a saturated carbon atom (i.e., C ).a
52Based on the study of Church involving substituted phenyl adducts of 
DMPO, it appears that the effect of the substituents is primarily 
inductive (i.e., electrostatic). Thus, the adduct of PBN-NMe^ would 
prefer the dipolar, charge-separated resonance form of the nitroxide 
and the adduct of PBN-NC^ would prefer the non-charge-separated 
resonance form.
The hydrogen-atom adducts of the PBN traps were generated from 
photolysis (filtered UV) of tributyltin hydride mixtures. Figure 24
244
Figure 24: EPR spectrum for the hydrogen-atom adduct of PBN in
benzene.
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shows the spectrum for the hydrogen-atom adduct of PBN in benzene. 
Strong, persistent signals were obtained. The adducts usually gave
O
7-line patterns in benzene, where fortuitously aM = 2a , and theN H
typical 9-line patterns in other solvents. For example, the adduct of 
PBN in methylcyclohexane, acetonitrile, and methanol gave a^ values of
g
14.7, 15.4, and 15.9 G, respectively, while the a values were 6.9,n
8 .6 , and 8 . 6 G. For the adducts of PBN-NMe2 and PBN-N02, 9-line 
spectra were recorded in benzene. The strong inductive effect of the 
dimethylamino and nitro ring substituents is comparable to a solvent 
effect on the nitroxide center. The difference in the nitrogen 
splitting constants of the hydrogen-atom adducts of these nitrones is 
consistent with the values for the phenyl adducts. However, the
8-hydrogen splitting constants are not. The value is lower than
anticipated for the adduct of PBN-NMe2 and higher than anticipated for
52the adduct of PBN-N02. Consequently, as Church concluded from a 
Hammett study, there is no correlation of the 8-hydrogen splitting 
constants with sigma values for the ring substituents. As expected, 
the spectra of the hydrogen-atom adducts of 2-PBN-OMe and PBN-Me^ 
appeared as 9-line patterns. No phenoxyl radical signals were 
detected in the spectrum for Bu2PBN-OH. A solvent effect on the 
splitting constants for the hydrogen-atom adducts of PBN-OH and 
PBN-NMe2+Cl was observed in methanol and acetonitrile, respectively.
The hydroxyl adducts of the PBN traps were produced by continuous 
UV photolysis of hydrogen peroxide solutions. The adducts from PBN 
and its derivatives containing electron-donating substituents were 
unstable in water and decayed rapidly upon termination of
illumination. Consequently, high concentrations of hydrogen peroxide
were required to detect the hydroxyl adducts for these traps. Harbour 
112
et al. used a saturated aqueous solution of PBN in order to observe 
the hydroxyl adduct. This behavior contrasts with the relatively high 
stability of the hydroxyl adducts of the alicyclic nitrones. On the 
other hand, the hydroxyl adducts of PBN and its derivatives were more 
stable in acetonitrile and were therefore detectable with small 
amounts of hydrogen peroxide. We found that the hydroxyl adduct of 
PBN produced in methylcyclohexane was even more stable than the adduct 
in acetonitrile. Therefore, it appears that more highly polar 
solvents destabilize the hydroxyl adducts of the PBN traps. In this 
regard, the half-life of the hydroxyl adduct of a-(4-pyridyl-l-oxide)- 
N-tert-butyl nitrone, similar to PBN, is reported to be only 23 
seconds in water.^
No hydroxyl adduct or other spin adducts of PBN-NMe^Cl could be 
detected. Since the reaction of hydrogen peroxide with PBN-NMe^+I 
yielded no spin adducts but gave a light yellow-colored solution 
indicative of molecular iodine, we suspect that the hydroxyl radicals 
react preferentially with the chloride ion of the trap to yield atomic 
chlorine. The counterion of the PBN salt should be inert to radical 
reactions in order for the trap to be effective in trapping a variety 
of radicals. Exchange of chloride with the perchlorate anion is 
likely to result in a better radical-scavenging PBN salt. Likewise, 
the hydroxyl adduct of PBN-NMe2 could not be detected. An SET process 
could lead to non-radical products as evidenced with PDH. However, it 
is unlikely that free hydroxyl radicals and PBN-NMe^ participate in
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this process in view of the results with persulfate described below. 
Since other transient radicals gave spin adduct spectra with PBN-Nl^, 
we believe that the hydroxyl adduct was formed but decayed rapidly to 
other products. One of these products from the decomposition appears 
to be tert-butyl hydronitroxide.
0 "
Me3C-N-H
This stable radical was observed as a 4-line pattern (a^ = a^ =
14.4 G) in the spectrum during and after photolysis. Although this 
radical is prominent with PBN traps during decomposition of persulfate 
(see below), the mechanism for its formation has not been 
investigated. We suspect that the initially-formed hydroxyl adduct 
decomposes to the benzaldehyde compound and tert-butyl hydronitroxide.
  0‘
OH
R = t-Bu
0-1
O'
I
=CH + R-N:
Me2N CHO
O ’
+ R-N-H
For unknown reasons this nitroxide was not detected with PBN and other 
derivatives containing electron-donating substituents. With the
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electron-donating B^PBN-OH trap, the hydroxyl adduct was only a minor 
radical in the spectrum. As expected, the predominant radical was the 
phenoxyl radical giving a 13-line spectral pattern (line-spacings of
1.4 G) in acetonitrile. Surprisingly, the phenoxyl radical of PBN-OH 
was not detected by EPR when hydroxyl radicals were generated in DMSO. 
The hydroxyl adduct, however, was produced in good yield and was 
stable.
Spontaneous decomposition of persulfate (as KoS„0 ) in water gaveL L o
two nitroxides with PBN as depicted in Figure 25: the 6-line hydroxyl
3 ct
adduct (a^ = 15.4 G and a^ = 2.7 G) and a 4-line pattern (a^ = a^ =
14.4 G) assigned to the aforementioned tert-butyl hydronitroxide.
Photolysis (filtered UV) or warming of the solutions gave stronger
spectra. These nitroxides were produced in higher yield than the
hydroxyl adduct from the photolysis of hydrogen peroxide and were more
persistent. Although others do not speculate on the mechanism of
68 172
formation of tert-butyl hydronitroxide, ’ we previously suggested 
that it is produced from decomposition of the initially-formed 
hydroxyl adduct. Catalytic amounts of silver ion (as AgNO^) gave an 
even more intense 6-line hydroxyl adduct spectrum for PBN without the 
accompanying tert-butyl hydronitroxide, which would argue against the 
decomposition pathway. The other water-soluble PBN traps are 
anticipated to give similar results. Indeed, the water-soluble, 
electron-deficient PBN-NMe^Cl trap failed to yield the hydroxyl 
adduct with hydrogen peroxide, but gave the hydroxyl adduct
g
(a„ = 15.2 G and a„ = 2.2 G) with persulfate albeit in much lower 
N H
yield than the parent PBN trap. The electron-rich PBN-NMe^ trap,
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Figure 25 EPR spectrum produced from PBN and KoSo0o in water.
z  z o
X - tert-butyl hydronitroxide 
0 - hydroxyl adduct of PBN
XX
10
G
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however, did not give the hydroxyl adduct with persulfate. Although
neither persulfate nor hydrogen peroxide produced hydroxyl adducts of
PBN-Nl^, the reasons are probably different. Addition of persulfate
to the degassed spin trap solution gave an immediate yellow-green
color which intensified with time at room temperature. A quick
analysis of this solution by EPR showed a very broad, structureless
pattern (^65 G) with partially resolvable lines that decayed rapidly
to non-radical products. It is likely that the transient spectrum is
due to the radical-cation of PBN-Nl^, ‘which is expected to have more
than 100 lines. No such color or spectral pattern appeared with
PBN-NI^ during photolysis of hydrogen peroxide.
As previously discussed with the alicyclic nitrones (Hydroxyl
68Radical section), Janzen and Coulter concluded that PBN and its 
derivatives in the presence of' persulfate undergo oxidation to 
radical-cations which hydrate to form hydroxyl adducts. We concur and 
suggest that PBN and its derivatives are better reducing agents than 
the alicyclic nitrones because of the aromatic nuclei. As additional 
support for an SET mechanism, we found that small amounts of ethanol 
did not suppress the formation of the hydroxyl adduct of PBN using 
persulfate.
However, it appears that hydroxyl radicals generated from 
photolysis of hydrogen peroxide are not trapped by PBN in benzene. 
Rather, a solvent-derived adduct is suggested as shown for the cyclic 
nitrones. The splitting constants for this adduct (a^ = 14.4 G and
g
a„ =2.1 G) do not conform to the expected values for the hydroxyl H.
adduct of PBN. For example, the hydroxyl adduct gave aN values of
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13.6, 13.6, and 15.4 G in methylcyclohexane, acetonitrile, and water,
O
respectively, and a„ values of 1.8, 2.4, and 2.7 G. Since the a„
H N
values better reflect solvent polarity for nitroxides, the 14.4 G
value indicates that another adduct besides the hydroxyl adduct is
119probably produced. Similar values were reported by Pryor et al.
for a PBN spin adduct produced from trapping gas-phase cigarette smoke
in benzene and assigned to the carbon-centered benzene-derived adduct.
173 3Janzen and co-workers reported aN = 14.6 G and a^ = 2.9 G for the
hydroxyl adduct of PBN in benzene. In a later report they failed to
produce the hydroxyl adduct of PBN in benzene from 2-methyl-2-nitroso- 
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propane. Therefore, their assigned structure is uncertain. We
suspect that PBN scavenges oxygen-centered benzene-derived radicals 
(i.e., hydroxycyclohexadienoxyl radicals) in irradiated benzene 
solutions of hydrogen peroxide.
Photolysis (filtered UV) of di-tert-butyl peroxide in the 
presence of PBN and its derivatives in benzene gave persistent spin 
adducts represented as 6-line spectra. The splitting constants for 
the adducts of PBN-Me^ and DoPBN differ from the values for PBN and 
its derivatives (Table VII). The PBN-Me^ and DoPBN traps gave tert- 
butoxyl adducts. The other traps gave solvent-derived adducts in high 
yields, except for the Bu^PBN-OH and PBN-Nl^ nitrones. The major 
radicals detected with BU2PBN-OH and PBN-NMe2 were the phenoxyl 
radical (11-line pattern with aM = 6.5 G and a = 1.3 G) and the acyl
N n
nitroxide (3-line pattern with a^ = 8.9 G), respectively. Noteworthy, 
PBN-OH gave no phenoxyl radicals upon reaction with tert-butoxyl 
radicals or molecular oxygen in DMSO.
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Alkoxyl adducts of PBN In aprotic solvents normally show a^
values of 14 G or less and a values around 2 G or less. For
rl
example, PBN gave adducts from photolysis of di-tert-butyl peroxide
g
having a^ = 13.6 G and a^ = 1.7 G in methylcyclohexane and
g
aM = 13.7 G and a„ = 2.0 G in acetonitrile. These adducts were N H
147assigned to the tert-butoxyl adduct. Howard and Tait report the
tert-butoxvl adduct of PBN in toluene with a„ = 13.6 G and
N
g
a^ , = 1.7 G. Table VIII shows that generation of tert-butoxyl
radicals from two different sources gave different spin adduct spectra 
with PBN. Reaction of tert-butyl iodide with hexamethylditin in 
benzene gave the same splitting constants for the adduct as produced 
from di-tert-butyl peroxide in benzene, while tert-butyl alcohol with 
photo-excited benzophenone gave essentially the same values for the 
adduct as produced from di-tert-butyl peroxide in acetonitrile. The 
latter spin adduct was assigned to the tert-butoxvl adduct since tert- 
butyl alcohol and acetonitrile have comparable polarities. In 
benzene, the splitting constants are higher than would be expected for 
the tert-butoxyl adduct based on solvent polarity. Consequently, a 
different adduct appears to be produced when tert-butoxyl radicals are 
generated in benzene. Indeed, the values for the adducts of PBN and 
its derivatives are very similar to the values for the PBN adduct 
obtained with hydroxyl radicals in benzene. We suggest that the tert- 
butoxyl radical preferentially reacts with benzene rather than with 
the PBN traps to yield a cyclohexadieny1-type radical, which 
eventually leads to cyclohexadienoxyl adducts of the PBN traps as 
previously discussed for the hydroxyl radicals with cyclic nitrones.
TABLE VIII
ALKYL AND ALKOXYL SPIN ADDUCTS OF PBN 
IN HOMOGENEOUS SOLUTION3
Source^ Solvent Radical Hyperfine Splitting Constants
e
^N %
MeHgl <f>H MeO‘ 13.7 2 .0
Me* 14.9 3.6
AIP <f>H i-PrO ’ 13.9 1.9
i-Pr* 14.7 2.6
t-BuI/Me,Sn„—  b £ <f>H SO* 14.3 2 .0
_t-Bu' 14.6 2.3
AIBN <j)H Me2C(CN)0’ 13.9 2.1
Me2C(CN)’ NT
(4>C02)2 (j)H <j>co2’ 13.3 1.5
(rco2) 2 (J>H r co2’ 13.8 1.9
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Source^ Solvent Radical Hyperfine Splitting i
B
—H
MeOH/BP* MeOH MeO’ 14.1 2.3
h o c h2' 15.2 3.8
EtOH/BP* EtOH EtO* 13.9 2 .0
MeCH(OH)* 15.2 3.6
i-PrOH/BP* 1,-PrOH i-PrO* 13.9 1.9
Me2C(OH)- 15.3 - 3.6
t-BuOH/BP* t-BuOH _t-BuO ’ 13.9 1.9
a hyperfine splitting constants in gauss units 
NT = no trapping 
b photolysis of radical initiators 
AIP = azo-isopropane (i-Pr^l^
AIBN = 2,2'-azobis(2-inethylpropionitrile) [ (Me2C(CN))2N2]
*ROH/BP = reaction of alcohol with photo-excited benzophenone 
c solvent-derived alkoxyl radical
to
Ln
On
TABLE 
VIII 
(cont'd.)
In comparison, the cyclic traps gave no evidence of benzene-derived
adducts from di-tert-butyl peroxide. The reaction of tert-butoxvl
radicals with DMPO is reported to be two orders of magnitude faster
than with PBN (k = 5.0 x 10^ versus 5.5 x 10^ M *s Although the
rate constant for the addition of tert-butoxyl radical to benzene has
not been measured, it is estimated to be 10^-10^ M ^s  ^based on
175 176the kinetic data of the norbornene and norbornadiene systems. *
These kinetic values would support the predominant reaction of tert- 
butoxyl radicals with benzene in PBN spin-trapping mixtures. Other 
investigators, using various sources to produce tert-butoxyl radicals
in benzene, report values with PBN similar to ours and assign the spin
. 146,148,177,178 .adducts to the tert-butoxyl adducts. A re­
interpretation of the spin adduct structures in benzene is indicated 
because of the high reactivity of certain free radicals with benzene.
Finally, in our spin-trapping studies with PBN and its 
derivatives, we observed acyl nitroxides (N-aroyl-N-tert-butyl 
nitroxides) as minor, oxidative by-products whenever alkoxyl radicals
O'
0 |
Ar-i-N-CMe3
were generated. These radicals have been reported by
58,98,119,179,180 u  .. , .others. The acyl nitroxides of PBN gave solvent-
dependent a^ values of 7.8, 8.0, and 8.2 G in methylcyclohexane,
benzene, and acetonitrile, respectively. A plausible mechanism has
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178been suggested by Niki et al. for the formation of acyl nitroxides
from alkylperoxyl adducts.
Analogous to the cyclic nitrones, our studies with degassed PBN
solutions showed that photolysis of carbon-centered alkyl radical
precursors initially gave alkoxyl adducts. Further photolysis yielded
the alkyl adducts. The splitting constants for some representative
alkoxyl and alkyl spin adducts of PBN (6-line patterns) are listed in
Table VIII. The spectra of the methoxyl and methyl adducts of PBN in
benzene are shown in Figure 26. It should be noted that the 2-cyano-
2-propyl radical (from AIBN) could not be trapped by PBN under our
conditions. However, Iwamura and Inamoto^^’^ ^  report the trapping
of this radical by PBN in tetrahydrofuran (THF) to yield an adduct
having a = 14.6 G and a„^ = 3.1 G. Ohto et al.,^^ however, report 
JN n 1 --
much smaller values for this adduct in benzene: aXT = 13.9 G andN
g
a„ =2.1 G. We obtained the same values, but we believe that the n
adduct giving rise to these splitting constants is the 2-cyano- 
2-propoxyl adduct. A solvent study indicates this assignment to be 
correct. The spin adducts of PBN from decomposition of AIBN gave
Q
sharp, 6-line spectra having aN = 13.6 G and a^ = 1.8 G in methyl-
g
cyclohexane and aM = 14.1 G and a„ = 2.0 G in acetonitrile. These N H
values represent typical values for alkoxyl adducts of PBN. No new 
spin adducts were detected when the mixtures were irradiated (filtered 
UV) for prolonged periods. Also, the values given by Iwamura and 
Inamoto^^’^ ^  seem unusually high, since the 2-cyano-2-propyl adduct 
of PBN is expected to have similar or smaller splitting constants than 
those for the tert-butyl adduct given in Table VIII.
259
Figure 26: EPR spectra for the spin adducts produced from PBN and
MeHgl in benzene.
A) methoxyl adduct of PBN
+ - nitroxide by-product
B) methyl adduct of PBN
+901
901
In conclusion, PBN is an effective spin trap for a variety of 
radicals produced in homogeneous solution. Water-soluble derivatives 
of PBN (PBN-Me, 2- and 4-PBN-OMe, and PBN-NMe^+Cl ) were no more 
effective than the parent PBN trap in spin-trapping ability or in 
producing longer-lived hydroxyl adducts in water. The long-chain, 
water-insoluble DoPBN trap gave excellent trapping of radicals in 
organic solution and is anticipated to be effective in micelles. The 
sterically-hindered PBN-Me^ and 2-PBN-OMe traps gave larger than 
normal 3-hydrogen splitting constants because of increased steric 
congestion at C^. This results in a more eclipsed equilibrium 
conformation of the 3-hydrogen atom with the semi-occupied p-orbital 
of the nitroxides. The phenolic B^PBN-OH trap is able to distinguish 
carbon- and oxygen-centered radicals. Phenoxyl radicals predominate 
in the spectra when oxygen-centered radicals are generated, while 
nitroxides or spin adducts predominate with carbon-centered radicals. 
Hydrogen atoms also produced the normal spin adduct with this trap.
The BU2PBN-OH and PBN-NMe2 traps are more prone to oxidation than the 
other traps, which thereby limit their use in studies involving 
oxygen. Surprisingly, no phenoxyl radicals were detected in the 
radical reactions involving PBN-OH. Due to its poor solubility in 
many solvents including water, PBN-OH is unattractive as a spin- 
trapping agent. Likewise, the PBN-Br and PBN-NO2 traps are insoluble 
in water. A solvent polarity study indicates that secondary radicals 
derived from benzene (via radical addition) can be trapped by the PBN 
nitrones, by analogy to the cyclic nitrones. Unusual hyperfine 
splitting constants of these spin adducts are obtained. Also, the
263
reaction of persulfate with the PBN traps in water yields hydroxyl 
adducts most probably via hydration of the radical-cations of the spin 
traps produced by an SET mechanism. .Finally, large B-hydrogen 
splitting constants are obtained for the hydrogen-atom adducts of the 
PBN traps. Much smaller (3-hydrogen splitting constants result for the 
oxygen- and carbon-centered radical adducts, with the splitting 
constants for the carbon-centered radical adducts appearing to be more 
affected by solvent polarity.
Radical Trapping in Heterogeneous Solution
Three PBN traps were investigated in emulphogene micellar
solution: water-soluble PBN-NMe^Cl , lipid-soluble DoPBN, and PBN,
which is soluble in polar and nonpolar'solvents. These nitrones were
used to probe radical events in the micellar solution with radical
precursors of differing solubility. Three of the radical precursors
studied were lipid-soluble (PAT, t.-Bu2C>2 > and A1P) , while three were
water-soluble (PDH, and K-2S20g). Our spin-trapping studies in
emulphogene paralleled those performed by Walter e_t al. and
68Janzen and Coulter for some of the above radicals in SDS micelles.
It is to be noted that the spin adducts were formed in the micellar 
solution in lower yield than in homogeneous solution. All spin 
adducts were persistent in emulphogene. The results from the trapping 
of the various radicals with the three PBN nitrones are presented in 
Table IX.
TABLE IX
SPIN ADDUCTS OF PBN AND DERIVATIVES 
IN EMULPHOGENE MICELLAR SOLUTION3
Source^ Spin Trap
PBN-NMe3+Cl~ PBN
^N % ^N %
PAT° 15.8 3.9 14.9 2.9
PDH 15.8 3.9 14.9 2.9
H2°2 NT 15.4 3.1
K2S2°8 15.3 2.2 15.4 2.7
J^ -Bu202 NT 15.9 3.5
AIP 15.8 3.2 15.4 3.3
a hyperfine splitting constants in gauss units 
NT = no trapping of the respective radicals
DoPBNC
■^ N
14.6 2.8d
14.8 2.8d
14.2 2.3d
NT
14.2 2.4d
14.1 2.2d
ro
O'
b PAT = decomposition of ef>(photolytic or thermal)
PDH = reductive decomposition of <J>N0+PF, (photolytic or thermal)2. b
^ 2^ *2 = Photolysis hydrogen peroxide
K„S„0o = decomposition of potassium persulfate (photolytic or thermal) 
z L o
t^-B^C^ = photolysis of di-tert-butvl peroxide
AIP = photolytic decomposition of azo-isopropane (i-Pr^^
c solubilization in micelles was aided with a small amount of Me^CO 
d broad spectrum
O'U1
TABLE 
IX 
(cont'd.)
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All of the traps effectively scavenged phenyl radicals generated
from the two types of phenyl radical precursors (i.e., PAT and PDH).
Phenyl adducts were produced spontaneously from both sources and in
higher yields upon photolysis (filtered UV) of the mixtures.
Isotropic 6-line patterns were obtained for the phenyl adducts of
PBN-NMe^Cl and PBN, while anisotropic spectra were obtained for the
phenyl adduct of DoPBN (Figure 27). Moreover, disruption of the
micelles containing the phenyl adduct of DoPBN with an equal volume of
acetonitrile gave isotropic 6-line spectra (a^ = 15.2 G and
a„^ = 3.2 G) from both PAT and PDH (Figure 27). The splitting 
n
constants were the same as those obtained by generation of the phenyl 
adduct of DoPBN from PAT in 50% aqueous acetonitrile. This result 
conclusively identifies the phenyl adduct of DoPBN in the micellar 
solution. The spectrum of the phenyl adduct of PBN-NMe^+Cl consisted 
of sharp lines for all three doublets with the same splitting 
constants as observed for the adduct in water (Table VII).
Consequently, this adduct must be located in the bulk aqueous phase.
On the other hand, the line-broadening in the high-field doublet 
signals for the phenyl adduct of PBN indicates that the spin adduct is 
slightly immobilized. Since the splitting constants for the adduct 
are considerably smaller than those in water (Table VII), the nitroxyl 
function must be confined to a less polar region of the micelle. From 
solvent polarity effects on the phenyl adduct of PBN, the 
micropolarity of this region is estimated to be medial to the 
polarities of acetonitrile and methanol. As discussed for the phenyl 
adducts of the cyclic traps (Phenyl Radical section), the phenyl
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Figure 27: EPR spectra for the phenyl adducts produced from PDH in
emulphogene micellar solution.
A) adduct of PBN-NMe^Cl
B) adduct of PBN
C) adduct of DoPBN
D) adduct of DoPBN obtained upon disruption of the
micelles with an equal volume of acetonitrile
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adduct of PBN is probably located at the interfacial region of the 
micelle. The spectrum for the phenyl adduct of DoPBN indicates that 
it is much more immobilized than the adduct of PBN. The first and 
second set of doublets of the 6-line pattern for the spin adduct of 
DoPBN were markedly broadened and the high-field doublet was 
unresolved. The splitting constants were about the same as those of 
the PBN adduct, consistent with an interfacial location for the phenyl 
adduct of DoPBN.
Of the three traps evaluated in emulphogene, only PBN trapped 
hydroxyl radicals generated from two sources: hydrogen peroxide and 
persulfate. The PBN-NMe^Cl trap gave the hydroxyl adduct from 
persulfate in good yield, while DoPBN formed the hydroxyl adduct from 
hydrogen peroxide. In contrast to the cyclic traps, we saw no 
evidence of radicals derived from hydrogen atom abstraction from 
emulphogene molecules. Interestingly, the hydroxyl adduct of PBN 
produced from hydrogen peroxide was much more stable in the micellar 
solution than in water. tert-Butyl hydronitroxide (a^ = a^a = 14.3 G) 
was a minor nitroxide formed in the hydrogen peroxide reaction and a 
major radical produced from persulfate. However, this nitroxide was a 
minor by-product for PBN-NMe^Cl and persulfate. No evidence of this 
radical was noted with DoPBN from either source. As in the case of 
water, the lack of trapping of hydroxyl radicals by PBN-NMe^Cl from 
hydrogen peroxide is probably due to the reaction of hydroxyl radicals 
with the chloride counterion. Although no hydroxyl adduct of DoPBN 
was obtained from persulfate, this adduct was detectable in the 
presence of a large concentration of hydrogen peroxide. The hydroxyl
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adducts of PBN-NMe^Cl and PBN gave isotropic spectra and the 
splitting constants were the same as for the adducts in water 
(Table VII). Thus, these adducts reside in the bulk aqueous phase.
On the other hand, the hydroxyl adduct of DoPBN gave an anisotropic 
spectrum and showed smaller splitting constants than those for the 
adduct in acetonitrile (Table VII). Disruption of the micelles 
containing the hydroxyl adduct of DoPBN with acetonitrile provided an
g
isotropic 6-line spectrum (a^  ^= 14.7 G and a^ = 2.8 G) having the 
same splitting constants as those in acetonitrile.
For completeness, two additional lipophilic radical precursors 
were investigated with the three spin traps: di-tert-butyl peroxide 
(t-Bu202) and azo-isopropane (AIP). As previously discussed, tert- 
butoxyl radicals from di-tert-butyl peroxide decompose very quickly in 
polar solvents to yield methyl radicals and acetone. The methyl 
radicals appeared to be scavenged by PBN and DoPBN, but not by 
PBN-NMe^Cl . The adduct of PBN gave an isotropic spectrum and the 
large nitrogen and B-hydrogen splitting constants expected of a 
carbon-centered radical adduct in a polar environment. Noteworthy, 
tert-butyl hydronitroxide was a by-product from the reaction with PBN. 
The spin adduct of DoPBN gave an anisotropic spectrum in emulphogene
g
and a weak isotropic spectrum with a^ = 15.0 G and a^ = 3.0 G upon 
disruption of the micelles with acetonitrile. The splitting constants 
recorded for this adduct in micelles represent a less polar 
environment compared to the adduct of PBN. The same radical appears 
to be trapped by both PBN and DoPBN, since addition of acetonitrile to 
the micellar solution containing the adduct of PBN gave a strong
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spectrum with splitting constants (a^ = 15.4 G and a^ =3.2 G)
similar to those for the adduct of DoPBN.
All three nitrones yielded spin adducts upon spontaneous
decomposition of AIP in emulphogene. The adduct of PBN-NMe^Cl gave
a well-resolved, 6-line isotropic spectrum, which was assigned to the
isopropyl adduct. This adduct appears to be located in the bulk
aqueous phase. In a degassed 50% aqueous acetonitrile solution,
PBN-NMe^Cl reacted with AIP to yield the 6-line isopropoxyl adduct
with splitting constants (a^ = 14.5 G and a^ = 2.3 G) characteristic
of alkoxyl radical adducts of PBN in a highly polar solution. For
comparison, the same spin adduct of PBN-NMe^Cl in acetonitrile gave
£
smaller splitting constants (a^ = 13.9 G and a^ = 1.9 G), consistent 
with the adduct in a less polar medium. A more complicated, broad 
6-line EPR spectrum was obtained with PBN. Since addition of 
acetonitrile provided a partially-resolvable 12-line pattern, the
broad spectrum must be due to two spin adducts of PBN (a^ = 15.8 G and
ft ft
a„ = 3.2 G; a. = 14.5 G and a„ = 2.7 G). The hydroxyl adduct was
n  N ri
ruled out since addition of a trace of ethanol (free hydroxyl radical
41scavenger) to the spin-trapping mixture had no effect on the
spectrum. The two spin adducts are probably the isopropyl and 
isopropoxyl adducts of PBN with the former adduct having the larger 
splitting constants. The oxygen-centered radical adduct was verified 
by reaction of PBN with AIP in degassed 50% aqueous acetonitrile and
in acetonitrile to give the isotropic 6-line isopropoxyl adduct
ft 6
(a^ = 14.6 G and a^ = 2.7 G; a^ = 14.0 G and a^ = 2.2 G,
respectively). Although we were unable to produce the isopropyl
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adduct of PBN in these solvents, the spin adduct with the larger 
splitting constants in emulphogene is most likely this adduct. Based 
on the data in Table VIII, both adducts appear to be in an aqueous 
environment of the micelle. An anisotropic spectrum was obtained with 
DoPBN and AIP in emulphogene. Disruption of the micelles with
acetonitrile yielded a sharp, isotropic 6-line spectrum (a^ = 14.6 G
£
and a^ = 2.6 G) that was assigned to the isopropoxyl adduct of DoPBN. 
This adduct was also produced in acetonitrile and gave the same
D
splitting constants (a^ = 14.1 G and a^ = 2.2 G) as in the micelle,
showing that the adduct is located in a region of the micelle having a
micropolarity similar to acetonitrile.
Overall, PBN was the most effective of the three nitrones in
trapping a variety of radicals generated from various sources in
micellar solution. Carbon-centered radicals, regardless of region of
inception, were effectively trapped and detected by all three
nitrones. Although oxygen-centered alkoxyl radicals were not actually
studied in the micelles, PBN was a favorable trap for these radicals
in heterogeneous media. Hydroxyl radicals are best scavenged by PBN.
This trap appears to be ideal for surveying SET processes in aqueous
environments of heterogeneous systems which result in formation of the
hydroxyl adduct. The versatile ability of PBN to trap various
radicals may be due to its high mobility in the micelle as proposed
68
for DMPO and TMPO. Janzen and Coulter expect PBN to be 
preferentially partitioned inside the micelle rather than outside 
(approximately 4:1 ratio), since PBN dissolved about 80% in the 
organic phase of a benzene/water mixture. The decreased reactivity of
DoPBN compared to PBN can be attributed to the immobilization of this 
trap in the micelle, as suggested for the long-chain TMPO traps. The 
PBN-NMe^Cl trap is water-soluble and is located in the bulk aqueous 
phase of the micelle. However, the ability of PBN-NMe^Cl to trap 
carbon-centered radicals generated inside the micelle suggests that it 
is also located at the polar interface. This seems reasonable since 
DoPBN, with its nitrone function located at the interface, traps 
carbon-centered radicals which are generated on either side of the 
micelle/solution interface. As was shown for the cyclic nitrones, all 
three PBN nitrones probe a water-rich region of the emulphogene 
micelle. This is indicated in Table X which illustrates the effect of 
solvent polarity on the chemical shift of the nitronic hydrogen for 
the three PBN traps.
TABLE X
SOLVENT EFFECTS ON THE NITRONIC HYDROGEN 
FOR PBN AND DERIVATIVES3
Solvent ET(30)k Spin Trap
PBN-NMe3+Cl~ PBN
CC1. 32.5   7.394
CDC13 39.1   7.55
DMSO-d, 45.0 8.04 7.85b
EtOD 51.9 8.0b 7.87
D20 63.1 8.14 7.99
Emulphogene/D20   8.13 7.99
a ^H-NMR values in ppm - downfield from Me,Si or Me_Si(CHo)„C0„ Na+4 3 2 2 2
b Dimroth-Reichardt's solvent polarity parameter
DoPBN
7.29
7.45
7.73
7.78
7.68
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COMPARISON OF NITRONES
The spin-trapping investigations of the various cyclic and 
acyclic nitrones in both homogeneous and heterogeneous media enabled 
us to assess the utility of the spin traps for scavenging free 
radicals in biological systems. In this regard, Walter et a l . ^ ’^  
have shown that micelles are good models for spin trapping in 
biological membranes.
In homogeneous solution, all spin traps gave effective trapping 
of a variety of radicals. However, the cyclic traps were observed to 
react much faster with radicals than the acyclic PBN traps.
Competitive spin-trapping studies using mixtures of two nitrones in 
benzene with limiting tributyltin hydride as radical source showed the 
following order of decreasing reactivity: DMPO > TMPO >> PBN. From 
the ratio of the signal intensities of the spin adduct spectra, the 
relative rates were estimated to be 1000:500:1, respectively. Similar
results are anticipated for other radicals in homogeneous solution.
31 57Janzen and co-workers ’ observed a kinetic ratio of 100:3:1 with 
DMPO:TMPO:PBN for the trapping of tert-butoxyl radicals in benzene. 
With the long-chain lipophilic spin traps, we found TMPO-C^ to be 
much more reactive than DoPBN for trapping of hydrogen atoms in 
benzene (relative rates estimated to be 600:1 for TMPO-C^g:DoPBN).
For the most part the various spin adducts of the cyclic and acyclic 
traps were formed in high yields from very limited amounts of radical 
precursor in homogeneous solution. Their half-lives were several 
minutes or hours at room temperature, with the exception of the very
279
short-lived hydroxyl adducts of PBN and its derivatives in water.
However, all spin traps were not effective in scavenging radicals
in heterogeneous micellar solution. Our results showed DMPO and PBN
to be the best spin traps for intercepting a wide variety of radicals
generated in different environments of the micelle. The long-chain
DoPBN trap was much better than TMPO, except for the trapping of free
hydroxyl radicals. The long-chain TMPO traps were not reactive in the
micellar solutions. In a competition experiment we found PBN to be
more reactive than DMPO for trapping of phenyl radicals (from limiting
hydrophobic PAT and hydrophilic PDH) in emulphogene micelles. Thus,
the order of reactivity of the spin traps toward free radicals
generated in micellar solution appears to be PBN > DMPO > DoPBN >>
TMPO with TMPO-C., and TMPO-C,, not reactive. In contrast to their / 1 o
high reactivity in homogeneous solution, the TMPO traps were 
surprisingly unreactive in micellar solution. The spin adducts 
produced in micellar solution had half-lives comparable to those in 
homogeneous solution.
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Introduction
There has been long-standing interest in the role of free 
radicals in medicine. In the last fifteen years, much of this 
research has focused on radical production in vivo by endogenous and 
exogenous (xenobiotic) substances. There is conclusive evidence 
linking these agents to the pathological destruction of the cell 
biomembrane. Overall, the etiology of many diseases has been 
attributed to free radicals and radical precursors. Clearly, light- 
induced photooxidative destruction of human tissue is another pathway 
by which cell death can occur. Thus, the eye is highly prone to 
light-induced free-radical damage. Many of the disease states of the 
eye appear to be initiated by light and mediated through free 
radicals.
Of particular importance is the retina which is the tissue that
lines the back inner surface of the eye (about two-thirds of the total 
1 2inner surface). ’ It contains six different types of neural cells. 
The rod and cone cells comprise the photoreceptor cells of the eye.
Rod and cone cells are responsible for night (or dim light) and day 
(or color) vision, respectively. Both types of photoreceptor cells 
consist of an inner segment, an outer segment, and a synaptic terminus 
(synapse). The inner segment contains the nucleus, mitochondria, and 
other subcellular organelles and is metabolically very active 
(Figure 28). The outer segment contains the visual (photosensitive) 
pigments and enzymes of catabolic metabolism required for the 
photoreceptor function of the segment. The outer segments of rod and
294
Figure 28: Rod photoreceptor cell from the retina of the eye.
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cone cells are connected to their respective inner segments by the 
ciliary junction (connecting cilium). The metabolic fuels generated 
by the inner segment mitochondria are transported to the outer segment 
through the connecting cilium. Located directly behind the retina is 
the retinal pigment epithelium (RPE). It is a heavily pigmented 
unicellular layer and is responsible for the complex metabolic 
functions of the retina. One of its functions is to remove metabolic 
waste products from the outer segments by the action of phagocytosis. 
The rod outer segment (ROS) is composed of a large number of disks 
arranged in an orderly stack and encased in a plasma membrane. The 
visual pigment rhodopsin is located in these segments. Rhodopsin is a 
glycoprotein representing about 85% of the total protein in the rod 
outer segments and has a molecular weight of 38,000. It is composed 
of the chromophore 11-cis-retinal (vitamin A aldehyde) which is 
attached to the protein opsin via a protonated Schiff base linkage. 
Absorption of a photon by rhodopsin initiates the vision process and
causes the isomerization of the 11-cis-retinylidene chromophore to the
3—8all-trans-function. Rhodopsin subsequently dissociates thermally
into all-trans-retinal and opsin via a series of well-characterized 
intermediates.
Light of very low intensity is known to cause damage in mammalian
10—26 2 3retina. For example, Friedmann and Kuwabara demonstrated that
the retina of rhesus monkeys, as well as the retinal pigment
epithelium, are irreversibly damaged by exposure to light of
2
approximately 0.3 W/cm intensity. The extent of damage depends upon 
the length of irradiation. At early time, only the outermost tips of
297
the photoreceptor cells show any damage; however, complete destruction 
of the cell results if exposure is continued for an extended period of 
t ime.
Similarly, other ocular tissue is extremely sensitive to 
27 28oxygen. ’ The pathological basis for the development of cataracts
appears to be related to the acute detrimental effects of hyperbaric
27oxygen on lenticular epithelium. Experimental studies of animals
revealed that irradiation can induce the same effects much sooner and
with greater injury. Another lesion of the eye, retrolental
fibroplasia, a vasobliteration of immature, developing retinal vessels
of premature infants, has been conclusively linked to the high levels
27 29 30
of oxygen often necessary to preserve the infant's life. ' ’ This
30 31-33damage may be inhibited by vitamin E. * Also, deficiencies of
antioxidants (vitamin E, selenium, etc.) result in accumulation of the
34-39
aging pigment lipofuscin in the retinal pigment epithelium. In
summary, virtually all components of the eye are susceptible to the
toxic effects of oxygen.
One hypothesis that relates the two seemingly distinct toxic
effects of light and oxygen is the suggestion that free radicals are
40-43produced in ocular tissue. The deleterious effects of such
44-47
species have been implicated in aging, air pollution-induced
oxidation,^ ^  atherosclerosis,^^ chlorinated hydrocarbon
3254 5255hepatotoxicity, and ethanol-induced liver injury. ’ The
mechanism of free radical-induced damage is thought to involve
oxidation of lipids within the cell membrane by way of an autoxidation
p r o c e s s . ^  A free radical may abstract a hydrogen atom from a
lipid-bound fatty acid (LH, Eq. 1 below). The long-chain poly­
unsaturated fatty acids (PUFA) are particularly susceptible to 
61-63oxidation. The subsequently generated radical will then react
with any nearby oxygen molecule (Eq. 2) producing a peroxyl radical. 
The effect of the initial radical is amplified many fold from the next 
process (Eq. 3), in which the peroxyl radical abstracts a hydrogen 
atom and regenerates the lipid radical. The eventual consequence of 
this chain process will be massive destruction of the cell membrane 
and cell death.
Initiation Process
free-radical , L < (1)
initiator
Propagation Reactions
L ’ + 02 ----- v LOO' (2)
LOO' + LH ----- ► L' + LOOH (3)
Termination Reactions
2 L' ----- >- L-L
L* + LOO' ----- >- LOOL
2 LOO' ----- v LOOL + 02
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The most likely free-radical initiators in retinal and other
biological systems are oxygen-centered free radicals and active forms
of molecular oxygen. These include the superoxide radical anion
(C^* ),^ ^  the hydroxyl radical (HO’ ) , ^ ’ ^2 and singlet oxygen
^  Hydrogen peroxide (H^O^) should also be considered as it
is a potential source of hydroxyl radicals.^ ^2 Due to the
ubiquitous and potentially toxic nature of these species, their
mechanisms of formation have been thoroughly investigated. The
superoxide radical is known to be generated by a number of enzymes
77-79which include flavoproteins and metalloproteins. Recently, for
example, this oxygen species was shown to result from an electron-
80 81
transfer process involving an excited porphyrin and oxygen. * In
the presence of a proton source, the dismutation of superoxide yields
82-90
hydrogen peroxide and triplet or singlet oxygen.
- + 3 1
2 O2 + 2 H  *■ H2O2 O2 or C>2
The hydroxyl radical can be produced by the reduction of hydrogen
2+
peroxide with ferrous ion (Fe ) or other reduced transition metal
91ions (a Fenton-type reaction)
H202 + Fe2+  ► HO- + HO + Fe3+
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92-95or by reaction with superoxide.
H202 + 02- — Fe chelate  ^H0 ‘ + HO + 102
Singlet oxygen is also produced in the latter reaction which occurs
under biological conditions only in the presence of a catalyst such as
iron chelates. The hydroxyl radicals are especially toxic to cellular 
96 97membranes. ’ In short, many plausible routes for the production of
all these species are available under physiological conditions.
The oxidation of PUFA, whether by free-radical or non-radical
pathways, results in destruction of the cell biomembrane and formation
98of several substances deleterious to the cell. Three of these
oxidation species, namely, malondialdehyde, lipid hydroperoxides, and
lipids containing conjugated dienes, can be assayed spectrophoto-
99metrically and the extent of peroxidation determined.
Malondialdehyde is a breakdown product of lipid peroxidation, which is 
known to act as a crosslinking agent for proteins and lipids yielding 
lipofuscin pigments. It can be indirectly identified since it reacts 
with thiobarbituric acid to give a red species absorbing at 535 nm. 
Also, upon lipid peroxidation conjugated dienes are produced due to 
rearrangement of the isolated double bonds in PUFA. Increased 
absorbance at 233 nm is characteristic of oxidized lipids.
There are several reasons to suspect that lipid oxidation may 
occur in photoreceptor membranes. First, rod outerdisk segment
301
membranes are composed of primarily PUFA-containing phospholipids
which are especially susceptible to o x i d a t i o n . S e c o n d ,  the
retina has a very high rate of oxygen consumption indicating that
there must be a high flux of oxygen across the photoreceptors and
retinal pigment epitheliu m . T h i r d ,  the high levels of superoxide
dismutase (SOD) found in rod outer segments indicate potentially high
concentrations of superoxide in the v i c i n i t y T h e  product
of superoxide dismutation is hydrogen peroxide, a potential hydroxyl
radical source. Finally, the low levels of glutathione peroxidase and
catalase, enzymes which destroy lipid peroxides^^ and hydrogen
peroxide, respectively, in the retina may allow the buildup of
107,113-115peroxides.
Evidence for lipid oxidation in rod outer segments has
accumulated over the last few y e a r s . I t  has been reported
28 118that lipid peroxides are increased by hyperoxia in the eye. ’ In
119 120vivo experiments with rabbits and chick embryos show lipid
oxidation occurs at high oxygen partial pressures. Surgical
121 1 2 2  
implantation of an iron nail and X-ray irradiation have similar
effects. A study of dark-adapted frogs demonstrated that exposure to
room light for 30 minutes led to increased levels of oxidized lipids,
and that the action spectrum for the damage matched the absorption
123spectrum of rhodopsin. A later study showed that retinal light
damage in albino rats, as measured by outer retinal nuclear layer
124
loss, matched that of the rhodopsin absorption spectrum. These
results imply a rhodopsin-mediated mechanism for the damage. 
Deficiencies of antioxidants such as vitamin E and selenium result in
the loss of PUFA from both the rod outer segments and retinal pigment
125
epithelium of rats. A similar decrease in PUFA has been observed
in rats and whole retina upon constant i l l u m i n a t i o n . O n e  hour
exposure to a light intensity of 195 foot-candles results in a 35%
increase of lipid peroxides in the rod outer segments of dark-reared 
127albino rats. The loss of PUFA is thought to be responsible for
decreased regeneration of rhodopsin following photolysis to opsin and
all-trans-retinala , 128 131 ^ore recent work by Anderson et al.^^
shows a direct association of lipid peroxidation with a loss of
rhodopsin regenerability. It is important to mention that the retina
is not the only eye tissue susceptible to lipid peroxidation. The
133-139lens has also been implicated in free-radical oxidation.
The evidence relating lipid peroxidation to cellular damage in
the retina is somewhat more circumstantial. Clearly, a relationship
exists between the amount of retinal lipid peroxides and the electro-
retinogram (ERG). Thus, the introduction of an iron nail into frog
retina resulted in a rapid increase in peroxide levels and a
121 122
concomitant decrease in the ERG. ’ Intravitreal injection of a 
ferrous sulfate solution into frog retinas resulted in lipid 
oxidation, disruption of photoreceptor cells, and loss of an ERG 
signal. 1^0,141 levels of iron used (estimated vitreous
concentration = 0.2-0.4 mM FeSO^), the ERG amplitude was decreased by 
50% and did not recover in two days. The rod outer segments from 
these oxidized retinas became depleted of PUFA, which coincided with 
degeneration of the photoreceptors. Control eyes injected with sodium 
sulfate elicited no retinal changes. Analogously, rabbits injected
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intravitreally with hydroperoxides showed a rapid decrease in the
amplitude of the ERG.^^’^ ^  Injection of the anthracycline
antibiotic adriamycin into the vitreous of the eye also gave a
decrease in the ERG, increase in lipid peroxides, and degeneration of
143
photoreceptor cells. The mechanism for this drug-induced damage is
144believed to proceed through the superoxide radical. Also, studies
on various animals have demonstrated a connection between deficiency
of the antioxidant vitamin E and disruption of rod photoreceptor
.. 35,145-147cells.
From the above discussion it is clear that lipids are oxidized in
photoreceptor cells and that this is one mechanism of retinal damage.
Such damage is induced by light, adriamycin, excessive concentrations
of iron, and any other process capable of generating free radicals.
In the former case excited rhodopsin is reported to be involved in the
oxidation. However, the excited state of other species cannot be
ruled out. One hypothesis that explains the rod outer segment
degeneration involves singlet oxygen. Upon exposure to light, the
excited rhodopsin (or other excited species) may interact with an
oxygen molecule via an energy-transfer mechanism yielding singlet
oxygen. Subsequently, this activated form of oxygen could react with
nearby PUFA to produce the corresponding hydroperoxide intermediates
and thereby generate lipid peroxidation chains. Because excited
rhodopsin lies about 55 kcal/mol above the ground s t a t e , i t  is
quite capable of acting as a sensitizer for the production of singlet
149oxygen which is located 22 kcal/mol above the ground state. Also, 
Delmelle^^ and Krasnovsky and Kagan^"^ have demonstrated that
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all-trans-retinal can function as a photosensitizer for singlet oxygen
production. Furthermore, when retinal was solubilized in liposomes
consisting of egg lecithin, cholesterol, and dicetylphosphate,
photodynamic damage of the synthetic membrane could be induced by
152
excitation of the retinal. This was related to oxidation of the
lipids. Similar studies using rhodopsin as a sensitizer have not been 
reported. As discussed previously, the other active forms of oxygen 
(i.e., superoxide and hydroxyl radicals) are also potential initiating 
species for retinal damage.
We have investigated the possibility of free-radical involvement 
in the photooxidation of purified bovine rod outer segments using the 
spin-trapping technique. Results from our model study showed that 
oxygen-centered radicals derived from linoleic acid could be scavenged 
efficiently by three spin traps in homogeneous solution. In 
heterogeneous micellar solutions, surfactant-derived carbon-centered 
radicals were trapped. However, we were unable to detect any radicals 
during the selective photobleaching of rhodopsin under various partial 
pressures of oxygen. Also, our photobleaching experiments suggest 
that initiation of lipid oxidation by excited rhodopsin is unlikely.
Spin Trapping in Homogeneous and Heterogeneous Solutions
Spin-trapping experiments in a model system demonstrated that 
DMPO, PBN, and DoPBN could effectively scavenge oxygen-centered 
radicals derived from the photooxidation of linoleic acid in 
homogeneous solution. The three spin traps were chosen for these
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studies based on their trapping results in homogeneous and 
heterogeneous solutions (Chapter III). Linoleic acid was chosen as a 
typical model compound to mimic the PUFA found in tissues.
Illumination of methylene blue dye in an oxygen-rich environment
153generates singlet oxygen via an energy-transfer process. In the
presence of linoleic acid, singlet oxygen will react to produce 
peroxides of this long-chain fatty acid which are stable at low 
temperatures. As the peroxides are warmed, alkoxyl radicals are 
formed and are scavenged by the spin traps. In acetonitrile, all of 
the traps evaluated gave alkoxyl radical adducts derived from linoleic 
acid (LH), typical of these adducts in a polar environment (below). 
Control experiments showed linoleic acid to be necessary for spin 
adduct formation. Methanol was a poor solvent for this study because 
singlet oxygen reacted with methanol to yield methoxyl radicals which 
were subsequently trapped and identified from their spin adducts.
Spin Trap Radical Coupling Constants (G, in MeCN)
3
DMPO LO* 13.3 7.9 1.6
PBN LO' 13.7 2.1
DoPBN L0‘ 13.7 1.8
In emulphogene micellar solution, DMPO and PBN trapped carbon-
centered radicals derived from the emulphogene surfactant (SH) in dye- 
sensitized photooxidation experiments (below). The DoPBN trap 
scavenged oxygen-centered emulphogene-derived radicals. These results
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were determined from control mixtures devoid of linoleic acid. 
Additionally, DMPO was able to trap hydroxyl radicals produced during 
the oxidation. We have also observed surfactant-derived radicals when 
SDS was used. We expected to see oxygen-centered radical adducts from 
these photooxidations with DMPO and PBN in micellar solution. The 
carbon-centered radical adducts may be explained by the rapid 
3-scission reaction of the alkoxyl radicals derived from the 
surfactant.
O ’
1 f a t
R-CH2-CH-CH2-R' ----- ► R-CH2-CH-CH2-R'  ► r'-ch2*
I + <10 +
0-0H
HO' R-CH2-CH0
(R’)
It appears that the hydroxyl adduct of DMPO is produced from free 
hydroxyl radicals and not as a by-product from singlet oxygen 
reaction, because similar amounts of hydroxyl adduct were produced in 
the presence or absence of DMPO during illumination of the methylene 
blue solution.
Spin Trap Radical
DMPO S'
%
15.9
3
^H
22.2
HO' 14.9 14.9
PBN S' 15.2 2.8
DoPBN SO* 14.3 1.7
13.7 2.2
Coupling Constants (G, in
emulphogene)
addition)
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Studies with Rhodopsin
Since rhodopsin is totally insoluble in water, it is solubilized
by nonionic surfactants such as emulphogene, digitonin, and Triton 
154X-100. Ionic surfactants such as SDS and DTAB are known to
155denature the protein. The rod outer segments were isolated from
both fresh and frozen retinas of bovine eyes. The standard procedure
involved homogenization, sedimentation, and discontinuous sucrose
gradient c e n t r i f u g a t i o n . T h e  best yields based on rhodopsin
content were obtained with fresh retinas. Emulphogene was used to
solubilize the protein.
Photolysis of the light pink rhodopsin results in bleaching to
give all-trans-retinal and opsin. Selective photobleaching of
rhodopsin at 500 nm (^ max) an air-saturated emulphogene solution of
the bovine rod outer segments in the presence of each spin trap gave
no evidence of free radicals. Likewise, photobleaching at a higher
partial pressure of oxygen (25 atm) gave negative spin-trapping
results for all three nitrones. Furthermore, for each of these
bleached solutions, we found that selective irradiation of all-trans-
retinal at 365 nm (A ) gave no evidence of free radicals.max
The absence of nitroxyl radicals from spin trapping does not 
preclude the possibility of free radicals being generated during 
photolysis. Rather, other free-radical scavengers or singlet oxygen 
quenchers may be present in the rod outer segment preparations to 
compete with the nitrones for the radicals. For example, the content 
of a-tocopherol (vitamin E) in bovine rod outer segments is reported
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158to be significant (about 10 mole% compared to rhodopsin). Besides
159being a free-radical scavenger, a-tocopherol is also a quencher of 
singlet oxygen.^ However, with the large concentration of spin traps 
used in the bleaching studies (0.030 M) and the large rate constants 
for the spin-trapping reactions, it is unlikely that the a-tocopherol 
(in pM concentrations or less) would compete effectively for the 
radicals. Also, it is reported that singlet oxygen is quenched by 
nitrones at efficient rates (k = 10^-10^ M s^ *).^® Both
chemical and physical quenching mechanisms have been proposed, 
although no reaction product has been isolated or detected for 
aldonitrones in the chemical deactivation pathway. Since the spin 
traps were present during the photobleaching of rhodopsin, singlet 
oxygen quenching is a possibility. However, we did not observe a 
decrease in spin adduct signals when DMPO was present during singlet 
oxygen generation in the model emulphogene solution. From the above 
considerations we concluded that any free radicals generated in the 
rod outer segment solutions would have been readily detected.
Based on the association between light-induced retinal damage and 
oxygen toxicity, radical trapping may be more likely upon bleaching of 
rhodopsin at higher oxygen pressure. The quenching of excited states 
of molecules, including proteins, with ground-state molecular oxygen 
is w e l l - k n o w n . T h e  interaction of oxygen with excited 
rhodopsin might simultaneously quench the bleaching of the protein 
(i.e., isomerization of the chromophore) and yield an active form of 
oxygen (e.g., singlet oxygen). Higher partial pressures of oxygen 
would increase the yield of this oxygen species and thereby increase
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the amount of lipid- or surfactant-derived radicals. If this
hypothesis is correct, then the rate of rhodopsin photobleaching
should decrease with increasing oxygen partial pressure.
In order to test this hypothesis, the quantum yield of rhodopsin
bleaching was determined at three oxygen partial pressures, 0.2 atm or
166
air-saturated, 25 atm, and 92 atm using Dartnell's method.
Hydroxylamine was present to trap the all-trans-retinal as the Schiff 
base and thereby prevent any possible regeneration of rhodopsin in the 
dark. The rate of rhodopsin photobleaching was increased 61 and 108% 
at 25 and 92 atm, respectively, over the air-saturated sample.
Moreover, the effect of oxygen on the bleaching process was due to the 
applied pressure. Higher pressures of a nitrogen atmosphere (25 atm) 
also caused increases in the photoisomerization of rhodopsin. Our 
failure to detect oxygen quenching of photoisomerization is not 
surprising given the picosecond lifetime of excited rhodopsin.
The Stern-Volmer equation,
t /t = 1 + k t [OJ o q o 2
where t is the lifetime in the absence of oxygen, predicts less than 
o
a 1% change in lifetime of the excited state at 100 atm of oxygen. 
This assumes a diffusion-controlled bimolecular quenching constant 
k = 1010 M ^ s \  a 6 ps lifetime for excited rhodopsin, and a 
concentration of oxygen of 0,13 M at 100 atm in the micelle. *
As a further test of the role of excited rhodopsin in lipid 
oxidation, rod outer segment preparations were bleached at 0.2 and 
50 atm of oxygen and the degree of lipid oxidation determined. The 
thiobarbituric acid test for malondialdehyde and the formation of 
conjugated dienes were used to quantify the oxidation. Both methods 
showed that the amount of oxidation was independent of oxygen 
pressure. These results are clearly in contrast with the rhodopsin 
action spectrum, and suggests that the photodamage is due to some 
other excited-state species. One possibility is all-trans-retinal 
which is present in the retina in low concentrations and has already 
been shown by others to be an excellent photosensitizer for singlet 
oxygen p r o d u c t i o n . E x p e r i m e n t s  to test this hypothesis, which 
have not been performed, include the effects of oxygen or applied 
pressure on the possible quenching or enhancement of the excitation of 
all-trans-retinal and model studies using retinal as a sensitizer of 
lipid photooxidation.
There are two other possible explanations for the failure to 
detect free radicals by the spin-trapping technique. First, the 
concentrations of radicals generated from the bleaching of rhodopsin 
may be too low. Our studies were performed in vitro on isolated rod 
outer segments. Once the rhodopsin is bleached, it cannot be 
regenerated unless exogenous 11-cis-retinal is present. Consequently, 
only very low levels of radicals would be produced in vitro following 
a single bleaching cycle of the protein, even though the levels of 
phospholipids in the rod outer segments are about 100 times (per mole) 
that of r h o d o p s i n . O n  the other hand, continuous regeneration of
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rhodopsin in vivo would likely result in a steady-state concentration 
of radicals upon protein bleaching. The concentration of rhodopsin 
and phospholipids in the intact rod outer segment is about 2.5 and 
200 mM, respectively.*^ These concentrations would be high enough so 
that detection of radicals would be possible from spin trapping. 
Finally, the retinal damage may be due to non-radical species, in 
which case the spin-trapping technique would prove useless.
f
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SOLVENTS
Acetone (Me2C0)
Reagent grade acetone was purchased from Aldrich Chemical Company 
and was used without further purification.
Acetonitrile (MeCN)
Resi-analyzed reagent grade acetonitrile was purchased from J. T. 
Baker Chemical Company and was further purified by distillation 
from phosphorus pentoxide.
Benzene (<j>H)
Reagent grade benzene was purchased from J. T. Baker Chemical 
Company and was further purified by distillation at atmospheric 
pressure. 
tert-Butyl Alcohol (_t-BuOH)
Reagent grade tert-butyl alcohol was purchased from MCB Chemical 
Company and was used without further purification. 
tert-Butylbenzene (<J>Bu-0
Reagent grade tert-butylbenzene was purchased from Eastman-Kodak 
Chemical Company and was used without further purification.
Carbon Tetrachloride (CCl^)
Reagent grade carbon tetrachloride was purchased from MCB Chemical 
Company and was used without further purification.
Chloroform (CHCl^)
Technical grade chloroform was purchased from Dow Chemical Company 
and was used without further purification for extractions only. 
HPLC reagent grade chloroform was purchased from J. T. Baker 
Chemical Company and was used without further purification.
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Chloroform-d (CDCl^)
Gold Label chloroform-d, 99.8 atom% D with 1% TMS, was purchased
from Aldrich Chemical Company and was used without further
purification.
Cyclohexane (Cy)
Cyclohexane, 99+%, was purchased from Aldrich Chemical Company and
was used without further purification.
Deuterium Oxide , (D2O)
Gold Label deuterium oxide, 99.8 atom% D, was purchased from Aldrich
Chemical Company and was used without further purification.
Dichloromethane (CF^C^)
Technical grade dichloromethane was purchased from Dow Chemical
Company and was used without further purification for extractions
only. HPLC reagent grade dichloromethane was purchased from J. T.
Baker Chemical Company and was used without further purification.
N,N-Dimethylformamide (DMF)
Reagent grade N,N-dimethylformamide was purchased from J. T. Baker
Chemical Company and was used without further purification.
Dimethyl Sulfoxide (DMSO)
Reagent grade dimethyl sulfoxide was purchased from Mallinckrodt
Chemical Company and was used without further purification.
Dimethyl Sulfoxide-d- (DMSO-d,)b b
Gold Label dimethyl sulfoxide, 99.9 atom% D with 1% TMS, was 
purchased from Aldrich Chemical Company and was used without further 
purification.
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Ethyl Acetate (EtOAc)
Purified grade ethyl acetate was purchased from J. T. Baker Chemical
Company and was used without further purification.
Ethyl Alcohol (Ethanol, EtOH)
Ethyl alcohol, 95%, was purchased from McKesson Chemical Company and 
was used without further purification. Absolute grade ethyl alcohol 
was purchased from AAPER Alcohol and Chemical Company and was 
further purified by distillation from magnesium metal as described 
elsewhere.^
Ethyl Alcohol-d (EtOD)
Gold Label ethyl alcohol, 99.5+ atom% D, was purchased from Aldrich 
Chemical Company and was used without further purification.
Ethyl Ether (Ether, Et20)
Technical grade ethyl 'ether was purchased from Allford, Woods, and 
Childs Chemical Company and was used without further purification 
for extractions only; further purification was achieved by 
distillation from calcium hydride prior to use.
Formaldehyde (CI^O)
Formaldehyde, 37% aqueous solution, was purchased from J. T. Baker 
Chemical Company and was used without further purification.
Formamide (HCONH2)
Reagent grade formamide was purchased from Fisher Chemical Company 
and was used without further purification.
Hexane
Hexane, 99+%, was purchased from Fisher Chemical Company and was
used without further purification.
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Isopropyl Alcohol (jL-PrOH)
Reagent grade isopropyl alcohol was purchased from Fisher Chemical
Company and was used without further purification.
Isopropylbenzene (Cumene)
Technical grade isopropylbenzene was purchased from MCB Chemical 
Company and was distilled twice at atmospheric pressure.
Ligroin
Practical grade ligroin, bp range: 90-120°C, was purchased from MCB 
Chemical Company and was used without further purification.
Methyl Alcohol (Methanol, MeOH)
Reagent grade methyl alcohol was purchased from MCB Chemical 
Company and was further purified by distillation at atmospheric 
pressure.
Methylcyclohexane (MeCy)
Methylcyclohexane, 99%, was purchased from Aldrich Chemical Company 
. and was used without further purification.
Nitromethane (MeNO^)
Practical grade nitromethane was purchased from Eastman-Kodak 
Chemical Company and was further purified by distillation at 
atmospheric pressure.
Pentane '
Pentane, 98%, was purchased from Aldrich Chemical Company and was 
used without further purification.
Tetrahydrofuran (THF)
Tetrahydrofuran, 99+%, was purchased from Aldrich Chemical Company
and was used without further purification.
Toluene («J>Me)
Toluene, 99+%, was purchased from Aldrich Chemical Company and was 
used without further purification.
Water (1^0)
Deionized water was distilled from potassium permanganate using an 
all-glass apparatus.
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CHEMICALS•
Acetic Acid (HOAc)
Reagent grade glacial acetic acid was purchased from J. T. Baker 
Chemical Company and was used as supplied.
Allyl Bromide (3-Bromopropene)
Allyl bromide, 99%, was purchased from Aldrich Chemical Company and 
was distilled once at atmospheric pressure.
Ammonium Chloride (NH^Cl)
Reagent grade ammonium chloride, crystalline, was purchased from 
Aldrich Chemical Company and was used as supplied.
Ammonium Hexafluorophosphate (NH^PF^)
Ammonium hexafluorophosphate, 99.5%, crystalline, was purchased from 
Aldrich Chemical Company and was used as supplied.
Ammonium Hydroxide (NH^OH)
Reagent grade ammonium hydroxide, concentrated (58%), was purchased 
from Mallinckrodt Chemical Company and was used as supplied.
2,2'-Azobis(2-methylpropionitrile) (AIBN)
2,2'-Azobis(2-methylpropionitrile), 98+%, was purchased from 
Eastman-Kodak Chemical Company and was used without further 
purification.
Azo-isopropane (AIP)
Azo-isopropane was a gift from Dr. Dan Church - LSU Chemistry 
Department.
Benzil ((4>C0) 2>
Reagent grade benzil was purchased from Eastman-Kodak Chemical
Company and was used without further purification.
Benzophenone (ip^ CO)
Reagent grade benzophenone was purchased from Eastman-Kodak 
Chemical Company and was further purified by a single 
recrystallization from ether.
Benzoyl Peroxide ((JiCC^ )^
Reagent grade benzoyl peroxide was purchased from Aldrich Chemical 
Company and was further purified by a single recrystallization 
from dichloromethane.
Cadmium (Cd)
Reagent grade cadmium metal sticks were purchased from J. T. Baker 
Chemical Company and were used as fine shavings.
Calcium Chloride (CaCl^)
Anhydrous calcium chloride, granular (20 mesh and finer), was 
purchased from J. T. Baker Chemical Company and was used as 
supplied.
d-10-Camphorsulfonic Acid
d-10-Camphorsulfonic acid, 99%, was purchased from Aldrich Chemical 
Company and was used without further purification.
Cesium Fluoride (CsF)
Cesium fluoride, 99%, was purchased from Alfa Chemical Company and 
was dehydrated by warming under high vacuum prior to use.
Cupric Acetate (CuCOAc)^)
Reagent grade cupric acetate, as the crystalline monohydrate, was 
purchased from Alfa Chemical Company and was used as supplied.
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1,2-Dibromoethane (Ethylene Bromide)
Reagent grade 1,2-dibromoethane was purchased from Fisher Chemical 
Company and was used without further purification.
Di-tert-butyl Peroxide (t^h^C^)
Di-tert-butyl peroxide, 98.5%, was purchased from Lucidol-Pennwalt 
Chemical Company and was used without further purification.
Diethylamine (Et2NH)
Diethylamine, 98+%, was purchased from J. T. Baker Chemical Company 
and was used without further purification.
Dimethyl Sulfate (Me^SO^)
Dimethyl sulfate, 99+%, was purchased from Aldrich Chemical Company 
and was used without further purification.
Dodecanal (Lauraldehyde)
Dodecanal, 96%, was purchased from Aldrich Chemical Company and was 
used without further purification.
Emulphogene BC-720
(Polyoxyethylene-10-Tridecyl Ether) - Reagent grade emulphogene was 
purchased from Sigma Chemical Company and was used without further 
purification.
(Ethylenedinitrilo)tetraacetic Acid (EDTA)
Reagent grade EDTA, as the disodium salt dihydrate powder, was 
purchased from MCB Chemical Company and was used as supplied.
Ethylene Glycol
Reagent grade ethylene glycol, anhydrous, was purchased from J. T. 
Baker Chemical Company and was further purified by distillation at 
atmospheric pressure.
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Hexamethylditin (Me^Sn^)
Hexamethylditin, 99%, was purchased from Aldrich Chemical Company 
and was used without further purification.
Hydrochloric Acid (HC1)
Reagent grade hydrochloric acid, concentrated (37%), was purchased 
from J. T. Baker Chemical Company and was used as supplied.
Hydrogen Peroxide (H2O2)
Reagent grade hydrogen peroxide, 30%, was purchased from J. T. Baker 
Chemical Company and was used as supplied.
Hydroxylamine Hydrochloride
Hydroxylamine hydrochloride, 99.4%, crystalline, was purchased from 
Fisher Chemical Company and was used without further purification. 
Iodine C^)
Reagent grade iodine, crystalline, was purchased from Aldrich 
Chemical Company and was used as supplied.
Iodobenzene (<(>I)
Iodobenzene, 98%, was purchased from Aldrich Chemical Company and 
was used without further purification.
1-Iodododecane
Practical grade 1-iodododecane was purchased from Eastman-Kodak 
Chemical Company and was further purified by high-vacuum 
distillation.
Iodoethane (EtI)
Reagent grade iodoethane was purchased from MCB Chemical Company
and was used without further purification.
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1-Iodohexadecane
Reagent grade 1-iodohexadecane was purchased from Eastman-Kodak 
Chemical Company and was used without further purification. 
Iodomethane (Mel)
Iodomethane, 99%, was purchased from Aldrich Chemical Company and 
was used without further purification.
2-Iodo-2-methylpropane (t-BuI)
2-Iodo-2-methylpropane, 95%, was purchased from Aldrich Chemical 
Company and was further purified by vacuum distillation in the dark 
just prior to use.
2-Iodooctane
2-Iodooctane was synthesized (see Synthesis section).
1-Iodopentane
Reagent grade 1-iodopentane was purchased from MCB Chemical Company 
and was used without further purification.
2-Iodopropane (ji-Prl)
2-Iodopropane, 99%, was purchased from Aldrich Chemical Company and 
was further purified by distillation at atmospheric pressure in the 
dark just prior to use.
Lauroyl Peroxide ((LCC^^)
Practical grade lauroyl peroxide was purchased from MCB Chemical 
Company and was further purified by a single recrystallization from 
ether.
Linoleic Acid (LH)
Linoleic acid, 99%, was purchased from Sigma Chemical Company and
was used without further purification.
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Lithium Aluminum Hydride (LiAlH^)
Lithium aluminum hydride powder, 95+%, was purchased from Aldrich 
Chemical Company and was used as supplied.
Magnesium (Mg)
Magnesium turnings, 99.8%, were purchased from J. T. Baker Chemical 
Company and were used as supplied.
Magnesium Chloride (MgC^)
Reagent grade magnesium chloride, as the crystalline hexahydrate, 
was purchased from Sigma Chemical Company and was used as supplied.
Magnesium Sulfate (MgSO^)
Reagent grade magnesium sulfate, anhydrous powder, was purchased 
from J. T. Baker Chemical Company and was used as supplied.
Methylene Blue (MB)
Reagent grade methylene blue was purchased from Merck and Company 
and was further purified by a single recrystallization from 
ethanol/water.
Methylmercuric Bromide (MeHgBr)
Methylmercuric bromide, 95+%, was purchased from Alfa Chemical 
Company and was used without further purification.
Methylmercuric Iodide (MeHgl)
Methylmercuric iodide, 98+%, was purchased from Alfa Chemical 
Company and was used without further purification.
Phenylazotriphenylmethane (PAT)
Phenylazotriphenylmethane was synthesized (see Synthesis section).
Phenyldiazonium Hexafluorophosphate (PDH)
Phenyldiazonium hexafluorophosphate was synthesized (see Synthesis 
section).
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Phenylhydrazine (ifiNHNH^ )
Purified grade phenylhydrazine was purchased from Fisher Chemical 
Company and was further purified by vacuum distillation followed hv 
fractional crystallization at -30°C.
Potassium Bromide (KBr)
Infrared grade potassium bromide, crystalline, was purchased from 
Mallinckrodt Chemical Company and was used as supplied.
Potassium Dihydrogen Phosphate (K^PO^)
Reagent grade potassium dihydrogen phosphate, crystalline, was 
purchased from Fisher Chemical Company and was used as supplied.
Potassium Hydroxide (KOH)
Potassium hydroxide pellets, 85%, were purchased from Mallinckrodt 
Chemical Company and were used as supplied.
Potassium Nitrosodisulfonate (Fremv’s salt)
Potassium nitrosodisulfonate, 95%, was purchased from Alfa Chemical 
Company and was used without further purification.
Potassium Permanganate (KMnO^)
Potassium permanganate, 99.7%, crystalline, was purchased from J. T. 
Baker Chemical Company and was used as supplied.
Potassium Persulfate (K S„0o)
Z  Z  o
Potassium persulfate, 99.8%, crystalline, was purchased from Fisher 
Chemical Company and was used as supplied.
Propanal (Propionaldehyde, EtCHO)
Reagent grade propanal was purchased from MCB Chemical Company
and was used without further purification.
Silver Nitrate (AgNO^)
Reagent grade silver nitrate, crystalline, was purchased from 
Mallinckrodt Chemical Company and was used as supplied.
. Sodium (Na)
Reagent grade sodium metal cylinder was purchased from MCB Chemical 
Company and was used as supplied.
Sodium Bicarbonate (NaHCO^)
Reagent grade sodium bicarbonate powder was purchased from 
Mallinckrodt Chemical Company and was used as supplied.
Sodium Chloride (NaCl)
Sigma grade sodium chloride, crystalline, was purchased from Sigma 
Chemical Company and was used as supplied.
Sodium Dodecyl Sulfate (SDS)
SDS, 99%, was purchased from Sigma Chemical Company and was used 
without further purification.
Sodium Hydroxide (NaOH)
Reagent grade sodium hydroxide pellets were purchased from 
Mallinckrodt Chemical Company and were used as supplied.
Sodium Iodate (NalO^)
Reagent grade sodium iodate powder was purchased from Mallinckrodt 
Chemical Company and was used as supplied.
Sodium Iodide (Nal)
Reagent grade sodium iodide, granular, was purchased from 
Mallinckrodt Chemical Company and was used as supplied.
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Sodium Monohydrogen Phosphate (Na2HP0^)
Reagent grade sodium monohydrogen phosphate, anhydrous granular, 
was purchased from Mallinckrodt Chemical Company and was used as 
supplied.
Sodium Nitrite (NaNC^)
Reagent grade sodium nitrite, granular, was purchased from MCB 
Chemical Company and was used as supplied.
Sodium meta-Periodate (NalO^)
Reagent grade sodium meta-periodate, crystalline, was purchased from 
MCB Chemical Company and was used as supplied.
Sodium Sulfate (Na^SO^)
Reagent grade sodium sulfate, anhydrous granular, was purchased from 
Mallinckrodt Chemical Company and was used as supplied.
Sucrose ,
Grade I sucrose, crystalline, was purchased from Sigma Chemical 
Company and was used as supplied.
Sulfuric Acid (I^SO^)
Reagent grade sulfuric acid, concentrated (98%), was purchased from 
Fisher Chemical Company and was used as supplied.
Thiobarbituric Acid (TBA)
Thiobarbituric acid, 98%, was purchased from Aldrich Chemical 
Company and was used without further purification.
4-Toluenesulfonic Acid (TsOH)
Reagent grade 4-toluenesulfonic acid, as the crystalline 
monohydrate, was purchased from Fisher Chemical Company and was 
used without further purification.
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Tributyltin Deuteride (Bu^SnD)
Reagent grade tributyltin deuteride was purchased from Lancaster
Chemical Company and was used without further purification.
Tributyltin Hydride (Bu^SnH)
Reagent grade tributyltin hydride was purchased from Alfa Chemical 
Company and was used without further purification.
Trichloroacetic Acid
Trichloroacetic acid, 98%, was purchased from Aldrich Chemical 
Company and was used without further purification.
Triethyl Orthoformate
Triethyl orthoformate, 98%, was purchased from Aldrich Chemical 
Company and was further purified by distillation at atmospheric 
pressure.
3-(Trimethylsilyl)propionic Acid (TMSPA)
TMSPA, 99+%, as the crystalline sodium salt, was purchased from 
Aldrich Chemical Company and was used without further purification.
Tris(hydroxymethyl)aminomethane (TRIS)
Reagent grade TRIS, crystalline, was purchased from Sigma Chemical 
Company and was used without further purification.
Zinc (Zn)
Zinc dust, 97%, was'purchased from Mallinckrodt Chemical Company 
and was activated by washing sequentially with 5% hydrochloric acid, 
methanol, and finally anhydrous ether prior to use.
340
ORGANIC STARTING MATERIALS FOR SYNTHESES
Acrolein (Propenal)
Acrolein, 97%, was purchased from Aldrich Chemical Company and was 
further purified by distillation at atmospheric pressure immediately 
prior to use.
Aniline
Reagent grade aniline was purchased from Allied Chemical Company and 
was further purified by vacuum distillation prior to use. 
Benzaldehyde
Benzaldehyde, 98+%, was purchased from Aldrich Chemical Company and 
was used without further purification.
4-Bromobenzaldehyde
Reagent grade 4-bromobenzaldehyde was purchased from K & K Chemical 
Laboratories and was further purified by a single recrystallization 
from ethanol/water.
1-Bromododecane
1-Bromododecane, 98%, was purchased from Aldrich Chemical Company 
and was further purified by high-vacuum distillation.
1-Bromoheptane
I-Bromoheptane, 98+%, was purchased from Eastman-Kodak Chemical 
Company and was further purified by high-vacuum distillation.
1-Bromohexadecane
1-Bromohexadecane, 99%, was purchased from Aldrich Chemical Company
and was used without further purification.
2-Bromooctane
Practical grade 2-bromooctane was purchased from J. T. Baker
Chemical Company and was further purified by vacuum distillation.
tert-Butylamine
Reagent grade tert-butylamine was purchased from MCB Chemical 
Company and was further purified by distillation at atmospheric 
pressure.
Cyclopentanone
Reagent grade cyclopentanone was purchased from MCB Chemical 
Company and was further purified by distillation at atmospheric 
pressure.
3,5-Di-tert-Butyl-A-Hydroxybenzaldehyde
3,5-Di-tert-butyl-4-hydroxybenzaldehyde, 97%, was purchased from 
Aldrich Chemical Company and was further purified by a single 
recrystallization from ethanol/water. 
4-N,N-Dimethylaminobenzaldehyde
Reagent grade 4-N,N-dimethylaminobenzaldehyde was purchased from 
Mallinckrodt Chemical Company and was further purified by a single 
recrystallization from ethanol/water.
Dodecanal (Lauraldehyde)
Dodecanal, 96%, was purchased from Aldrich Chemical Company and 
was used without further purification.
4-Hydroxybenzaldehyde
Practical grade 4-hydroxyb '.nzaldehyde was purchased from 
Eastman-Kodak Chemical Company and was further purified by 
filtration from warm dichloromethane and then recrystallization 
twice from water.
Mesityl Oxide (4-Methyl-3-Penten-2-one)
Mesityl oxide, 90%, was purchased from Aldrich Chemical Company and 
was further purified by distillation at atmospheric pressure.
2-Methoxybenzaldehyde (o^Anisaldehyde)
Reagent grade 2-methoxybenzaldehyde was purchased from 
Eastman-Kodak Chemical Company and was further purified by 
high-vacuum distillation.
4-Methoxybenzaldehyde (jv-Anisaldehyde)
Reagent grade 4-methoxybenzaldehyde was purchased from 
Eastman-Kodak Chemical Company and was further purified by 
high-vacuum distillation.
4-Methylbenzaldehyde (js-Tolualdehyde)
4-Methylbenzaldehyde, 97%, was purchased from Aldrich Chemical 
Company and was further purified by high-vacuum distillation.
Methyl Iodide (Iodomethane)
Methyl iodide, 99%, was purchased from Aldrich Chemical Company 
and was used without further purification.
Methylmagnesium Bromide (MeMgBr)
A 2.9 M solution of methylmagnesium bromide in ether was purchased 
from Aldrich Chemical Company and was used as supplied.
Methyl Vinyl Ketone (3-Buten-2-one)
Methyl vinyl ketone, 99%, was purchased from Aldrich Chemical 
Company and was used without further purification.
4-Nitrobenzaldehyde
Reagent grade 4-nitrobenzaldehyde was purchased from Eastman-Kodak 
Chemical Company and was further purified by recrystallization once 
from ethanol/water.
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Nitrobenzene
Reagent grade nitrobenzene was purchased from Fisher Chemical 
Company and was further purified by high-vacuum distillation. 
Nitromethane
Practical grade nitromethane was purchased from Eastman-Kodak 
Chemical Company and was further purified by distillation at 
atmospheric pressure.
2-Nitropropane
Reagent grade 2-nitropropane was purchased from Eastman-Kodak 
Chemical Company and was further purified by distillation at 
atmospheric pressure.
3-Pentanone
Reagent grade 3-pentanone was purchased from Eastman-Kodak 
Chemical Company and was further purified by distillation at 
atmospheric pressure.
Phenylhydrazine (ijiNHNI^ )
Purified grade phenylhydrazine was purchased from Fisher Chemical 
Company and was further purified by vacuum distillation followed 
by fractional crystallization at -30°C.
2,4,6-Trimethylbenzaldehyde (Mesitaldehyde)
2,4,6-Trimethylbenzaldehyde, 97%, was purchased from Aldrich 
Chemical Company and was further purified by high-vacuum 
distillation.
Triphenylmethyl Alcohol (Triphenylmethanol)
Triphenylmethyl alcohol, 97%, was purchased from Aldrich Chemical
Company and was used without further purfication.
The fresh cattle eyes were obtained from C & P Meat Packing Company, 
Satsuma, LA.
The frozen, dark-adapted, bovine retinas were obtained from Hormel 
Meat Packing Company, Austin, MN.
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EXPERIMENTAL
General
Reported R^ values were determined by thin-layer chromatography 
(TLC) using Kodak chromagram sheets (13181 silica gel with fluorescent 
indicator) and the stipulated solvent system. TLC spots were 
visualized with UV light or iodine vapor and were measured from the 
center of each spot. In some cases preliminary analysis of a 
reaction's progression was routinely ascertained by TLC.
Purification of certain nitrone products which could not 
otherwise be purified by high-vacuum distillation or
recrystallization was accomplished by thick layer chromatography using 
silica gel (EM Reagents Pre-coated PLC plates-Silica Gel 60 F-254,
2 mm layer thickness) as adsorbent and the stipulated solvent system.
Ion exchanges were performed with Dowex 1-X8 Spheres (J. T. Baker 
Chemical Company, 50-100 mesh, Ionic Form Cl ) using the column 
method.
Organic extracts were dried over anhydrous Na2S0^ or MgSO^.
All preliminary concentrations and evaporations were performed 
in vacuo (water aspirator) on a Buchi R-110 Rotavapor with final 
evaporation of residual solvents under high vacuum (^0.1 mm).
The concentrations of the aqueous micellar solutions used in the 
EPR spin-trapping experiments were 0.30 M SDS and 2% emulphogene.
Accurate measurements of pH for the micellar solutions and stock 
solutions required for the preparation of retinal rod outer segments 
were made with a Corning 155 pH/ion meter. Approximate pH values were
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determined with universal pH paper (Hydrion Paper).
All melting points (mp) were taken in open capillary tubes with a 
Mel-Temp apparatus and are uncorrected. All boiling points (bp) are 
also uncorrected. Room temperature designates 20-25°C. Elemental 
analyses of the previously unreported nitrone compounds were provided 
by Mic Anal Organic Microanalysis, Tucson, AZ. All synthesized 
compounds were stored under argon at -30°C in dark containers.
1H-NMR
Proton nuclear magnetic resonance (*H-NMR) spectra were recorded 
at room temperature on either a Varian Associates A-60 (60 MHz) or a 
Bruker NR-100 (100 MHz) spectrometer with CDCl^ or DMSO-d^ as solvent 
and Me^Si (TMS) as the internal standard. For water-soluble 
compounds, D2O was employed with 3-(trimethylsilyl)propionic acid 
(sodium salt) (TMSPA) as the internal standard. All chemical shifts 
are expressed in parts per million (ppm) downfield from the internal 
standard (= 0 ppm). Spectral data are presented in the form: delta 
value of signal (peak multiplicity, proton assignment, coupling 
constant (J) (in Hz, if applicable), integrated number of protons). 
Multiplicities are indicated by s (singlet), d (doublet), t (triplet), 
q (quartet), qn (quintet), m (multiplet), and br (broad). For the 
Varian instrument, settings were as follows: filter bandwidth (4 Hz), 
R.F. field (0.03 mG), and scan rate (2 Hz/s). For the Bruker 
instrument, the Fourier transform method was used to obtain spectra 
with a maximum resolution of 0.2 Hz.
Infrared (IR) spectra were recorded at room temperature on a 
Perkin-Elmer 621 grating infrared spectrometer. Samples were analyzed 
neat (for most oils), in CCl^ or solution (for organic-soluble
solids), or as KBr disks (for water-soluble solids). Spectral data 
are reported in wavenumbers (cm )^ with the designated functional 
group assignment for most absorptions. All spectra were calibrated 
against the 1601.8 cm * polystyrene absorption standard. For the 
important diagnostic absorptions, the representations are vs (very 
strong), s (strong), m (medium), w (weak), sh (shoulder), and br 
(broad). Standard matching salt (NaCl) plates (0.105 mm film 
thickness) were used for cells in the analyses. For neat and KBr disk 
samples, air was used as the reference, while CCl^ or CHCl^ was used 
as the reference for samples dissolved in that solvent. Spectra were 
determined in the scale change mode of the instrument. Invariably, 
the scan times were 240 cm ^/min for the full frequency range. The 
other instrument settings were as follows: resolution amplifier gain 
(5.5), programmable slits (1000), attenuator speed (1300), scale 
expansion (IX), scale suppression (0), auto filter mode, and source 
current (0.8 A).
MS
Low resolution mass spectral (MS) data were determined by Mr.
H. H. Land on a Hewlett-Packard 5985-A gas chromatograph/quadrupole 
mass spectrometer interfaced to an HP 21 MX E-series computer. MS 
data are reported in the form: m/e (intensity relative to base peak
= 100). The peaks listed are those arising from the molecular ion
+ +
(M ), those attributable to the loss of certain fragments (M minus a
fragment or a fragment lost) and some other prominent peaks. Only
.ions of relative adundance >10% are given. Samples were introduced
directly into the mass spectrometer by means of glass capillary tubes
heated independently of the source (direct probe method). The source
temperature was 200°C. The ionization was obtained by the electron
impact technique with an electron energy of 70 eV. Mass calibration
was performed with FC-43 (perfluoro-tri-tert-butylamine) as the
standard in the positive electron impact ionization mode. The helium
gas pressure was about 5 x 10  ^mm as measured by the ion gauge
situated on the source vacuum manifold. Mass ranges for the samples
were programmed from 35 to 400, 600, or 1000 amu's with a scan speed
of 1.4, 2.1, or 3.6 s/scan, respectively. Temperature programming was
typically set at 40°C for 0 minutes, and the temperature was raised
30c/min to 200°C and held for approximately 2 minutes. Scan delays
were set at 0 minutes.
UV-Vis
Ultraviolet-visible (UV-Vis) absorption spectra were obtained 
at room temeprature on either a Cary 14 (double beam) recording 
spectrophotometer or a Beckman B (single beam) spectrophotometer. All 
analyses employed rectangular (10 mm optical pathlength) UV absorption 
cells (Fisher Scientific Company) fitted with fluoropolymer stoppers 
and constructed of SUPRASIL quartz. The synthesized nitrones and the 
freshly isolated bovine rhodopsin (unbleached and fully bleached) were
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examined in the stipulated solvent system with the Cary 14 instrument 
using 3.0 mL and 1.0 mL capacity cells, respectively. Spectra were 
scanned at 0.5 nm/s. Spectral data are presented in the form: 
wavelength of absorption (A in nm), molar extinction coefficient (e in 
M *cm ^), and the solvent. The letters sh denote shoulder. The 
totally bleached rhodopsin was obtained by allowing a fresh aliquot to 
set at room temperature for 30 minutes in the presence of intense 
white light (ordinary laboratory fluorescent light). Photobleaching 
studies of the frog and bovine rhodopsin were conducted with both 
instruments (3.0 mL cells required).
EPR
All electron paramagnetic resonance (EPR) measurements were
performed using a Varian Associates E-109ES spectrometer at room
temperature. The spectrometer was operated at X-band mode (9.5 GHz
microwave frequency bridge). Standard nitroxyl radicals of known
g-values were used for calibration purposes. The microwave frequency
was calibrated before each day's spectral determinations. The EPR
spectra obtained in aqueous solution and micellar solutions were
_2
calibrated with Fremy's salt, buffered with 5 x 10 M
2
(g = 2.0055 and a^ = 13.09 G). Spectral calibration for organic
solvent systems was performed with di-tert-butyl nitroxide in the
3
appropriate solvent. Di-tert-butyl nitroxyl radicals were prepared 
in each solvent system from the reaction of N-tert-butylhydroxylamine 
and oxygen (below). A given amount of the hydroxylamine (0.010 g) in 
the appropriate solvent (1.0 mL), that was previously oxygen-
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saturated, was allowed to set at room temperature in the presence of 
ordinary laboratory light for 24 hours. Following degassing, the 
resulting blue- or faintly blue-colored solutions were then examined 
by EPR spectroscopy.
R-NHOH ------ ► R-NHO*
R-NHO ‘ ------ >■ R-NO
R-NO ------ »- R' + NO
R-NO + R ’ ------ >■ R-N-R (3-line nitroxide)
I
R = t-Bu 0*
The EPR magnetic field strength of the instrument was calibrated 
once using a Bruker NMR-oscillator (Type B-NM 12). The probe of the 
oscillator was inserted between the poles of the spectrometer magnet. 
When the resonance condition was met for a 3300-3400 G magnetic field 
range (see below), an exact agreement between the gaussmeter and 
spectrometer cavity was observed. Consequently, no magnetic field 
corrections were required for all spectra obtained.
Quartz sample holders (Wilmad Glass Company) were used in the 
experiments. For aqueous solutions and high dielectric solvent 
systems, employment of a flat cell (high purity Amersil quartz) was 
required. Generally, this cell required the use of 1.0 mL of 
solution. For those systems involving low dielectric solvents, 
thin-walled tubes were used which normally required approximately 
0.5 mL of solution. All solutions were deoxygenated (degassed) with 
dry argon for 10-15 minutes prior to determination of spectra.
Drawn-out, disposable pipets were used in the degassing procedure.
For the deoxygenation or oxygenation of micellar solutions, it was 
necessary to have a two-way line connector attached to the gas 
cylinder line. This was required so that one line could be used to 
purge the solution while the other line could control the excessive 
foaming created during bubbling of the micellar solution. All EPR 
spectral analyses obtained in the spin-trapping and calibration 
experiments were recorded over a 100 G magnetic field range, 
predominantly from 3300-3400 G (3350.0 G spectral center). Spectra 
were scanned at a rate of 50.0, 25.0, or 12.5 G/min, usually depending 
upon the stability of the particular nitroxyl radical being examined. 
The instrument was operated at a field modulation frequency of 
100 KHz. A modulation amplitude of 1.0 G was frequently used, 
although a lower amplitude setting was required for samples having 
small hyperfine splittings. The time constant was set at 0.250 s or, 
for a high gain instrument setting, was 0.50 s. For the various 
samples of interest, the microwave resonance frequency from the 
klystron source with the sample cavity occurred between 9.37 and 
9.41 GHz. Generally, the microwave power was 10.0 mW (13.0 dB), a 
non-saturating condition, for a microwave crystal detector current of 
250-300 pA.
Kinetic analyses for the decay of certain spin trap adducts were 
determined by focusing on a particular signal in the spectrum. In all 
cases the value of the magnetic field for the first signal in the 
spectrum (low magnetic field) was ascertained as accurately as 
possible from the spectral chart paper. The pen carriage was then
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positioned at the left edge of the platen (as if to initiate a routine 
upfield scan). Thereafter, the scan range setting was decreased from 
its initial 100 G setting, and simultaneously, adjustment of the 
magnetic field setting was performed so as to maximize the signal at a 
0 G scan range. All other instrument settings were unchanged, except 
for the receiver gain which was varied depending upon the rate of 
decay of the signal. Normally, a 30 minute scan time was employed to 
follow the decay. For light-initiated free-radical reactions, 
irradiation of the sample was performed in situ while determining the 
exact magnetic field positioning of the signal. After obtaining the 
signal location, further irradiation was performed to ensure a high 
concentration of the radical signal.
Nuclear hyperfine coupling or splitting constants (hfsc) for
nitrogen (a.T) and hydrogen (a ) were measured as many times as 
N n
possible from one spectrum and then averaged (2.50 G/cm for a 100 G 
scan). The splitting constants were determined with an accuracy of 
±0.1 G. Measurements consisted of obtaining the average distance 
between all peak maxima and peak minima (crossover points) and then 
obtaining the linear distance between each crossover point for the 
nucleus of interest. For isotropic spectra (radicals in homogeneous 
solution), all peaks were used for measurements. However, for 
anisotropic spectra (certain radicals in heterogeneous solution), the 
high-field signals were not employed for measurements due to 
considerable line broadening in the spectra.
The g-values for all radicals of known or unknown assignment in 
each solvent system were calculated using the resonance equation
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4
hv = gBH. The g-values were determined with an accuracy of ±0.0003.
8 i  = 8 x v iunk. estd. unk. std.
EPR SPIN-TRAPPING EXPERIMENTS 
Routine
In all routine experiments conducted in homogeneous solution, a
solution of the spin trap in the appropriate solvent was degassed,
followed by the rapid addition of the free-radical source. For the
tube samples degassing was performed in the tube, while for flat cells
a quick transfer of degassed sample from a glass vial to the degassed
cell was necessary. Micellar solutions were prepared by allowing the
spin trap of interest to solubilize in the appropriate amount of
micellar solution (previously degassed) at room temperature under an
argon atmosphere. For the long-chain TMPO-C,, and DoPBN spin traps, a
lo
very small amount of acetone was used to aid their solubilization in 
these solutions. To the optically clear solutions, the radical source 
was added, with warming, if necessary, for dissolution. In some cases 
the micelles were disrupted with an equal volume of acetonitrile, and 
the resulting solutions were degassed and examined by EPR. In all of 
the routine spin-trapping experiments, the background signal before 
radical production was either absent or negligible.
Routine photolysis experiments done while obtaining EPR spectra 
in situ were performed with an Ealing 200-W Xe/Hg UV lamp. The light
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beam was focused onto the window of the waveguide cavity of the 
instrument and thus, onto the sample within. The distance from the 
lamp lens to the cavity was 0.55 m. Due to the nature of the cavity 
window (horizontal slit construction), only about 50% of the available 
light reached the sample within. During these routine photolysis 
experiments, a Corning glass filter (CS 0-54, UV cut-off <300 nm) was 
used in order to prevent excitations of the nitrone spin traps.
Linoleic Acid in Homogeneous Solution
For those spin-trapping experiments which involved the oxidation 
of linoleic acid with singlet oxygen in a homogeneous solution 
(acetonitrile or methanol), the following procedure was used. An 
acetonitrile solution (0.5 mL) of methylene blue (few crystals) 
contained in an EPR tube was saturated with oxygen (slowly purged) for 
25-30 minutes. Afterwards, the solution was cooled to -35° to -40°C 
(dry ice/acetone) in a Dewar flask. Linoleic acid (10 pL, final 
concentration = 0.032 M) was added neat to the cold solution. It was 
noted that linoleic acid was insoluble at this temperature in either 
MeCN or MeOH, but that the insoluble acid remained for the most part 
suspended in the bulk solution. The mixture was photolyzed for 25-60 
minutes using a Schoeffel 200-W Xe/Hg UV lamp with a yellow lens 
filter (Corning CS 3-70, cut-off <490 nm) while maintaining a 
temperature of -30° to -40°C in the Dewar flask. The distance from 
the lamp lens to the cylindrical quartz flask containing the sample 
was 0.50 m. Afterwards, the solution was degassed with dry argon for 
15-20 minutes while maintaining a cold temperature (<0°C). This was
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followed by the rapid addition of the spin trap of interest (final 
concentration = 0.030 M) which was dissolved in the same experimental 
solvent (0.5 mL, degassed). Degassing was resumed for about 
10 minutes. The mixture, contained in the tube, was allowed to warm 
to room temperature (solubilization occurred) and finally to 50-54°C 
(water bath) for 5 minutes. It was transferred to a degassed flat 
cell and quickly placed in the EPR cavity for analysis. An initial 
spectrum was recorded, and thereafter spectra were obtained at time 
intervals (up to several hours in some instances) to observe any 
signal growth or decay from the sample while housed in the cavity 
(dark).
Linoleic Acid in Heterogeneous Solution
In the spin-trapping studies of linoleic acid conducted in 
heterogeneous emulphogene and SDS micellar solutions, a similar 
procedure to that in homogeneous media was undertaken. An aqueous 
micellar solution (1.0 mL) of methylene blue (few crystals) contained 
in a glass vial (7 mL capacity) was saturated with oxygen (slowly 
purged) for 15-20 minutes. Subsequently, linoleic acid (10 pL, 
concentration = 0.032 M) was added neat to the solution at room 
temperature (linoleic acid was insoluble) and then cooled to 0-5°C 
(dry ice/acetone) in a small beaker. The mixture was magnetically 
stirred and photolyzed for 30-40 minutes with the aforementioned lamp 
and yellow lens filter while maintaining a bath temperature of 0-15°C.
A 0.50 m distance from lamp lens to mixture was used. After 
irradiation the mixture was degassed with dry argon for 15-20 minutes
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at room temperature. The spin trap of interest (concentration =
0.030 M) in the micellar solution was then added to the degassed 
mixture and degassing was resumed for 10-15 minutes. The degassed 
mixture contained in the glass vial was warmed to 50-53°C (water bath) 
for 5 minutes (solubilization noted) and was quickly transferred to a 
degassed flat cell. An initial spectrum was recorded, and thereafter 
spectra were obtained at time intervals (several hours in some 
instances). In some cases, the micelles were disrupted with an equal 
volume of acetonitrile and the resulting solution was examined by EPR.
Rhodopsin Photobleaching Experiments
Spin-trapping experiments involving the emulphogene-solubilized 
rhodopsin were carried out in a dark room at room temperature under 
red-safe light. A standard flashlight equipped with a red lens filter 
(Corning CS 2-59, cut-off <620 nm) was used. Typically, 1.0 mL of the 
rhodopsin solution contained in a culture tube (Kimax, 16 mL capacity, 
screw-on cap) was oxygenated at room temperature for 15-20 minutes, 
and then the spin trap of interest was introduced. For the long-chain 
DoPBN spin trap, a very small amount of acetone was used to aid its 
solubilization in the emulphogene solution. The oxygenated solution 
was selectively photolyzed for 5 minutes at 500 nm using an Ealing 
200-W Xe/Hg UV lamp with a Bausch and Lomb grating monochromator 
(1200 grooves/mm, 6 mm slit widths) or a Bausch and Lomb 200-W Xe/Hg 
lamp with an accompanying Jarrell-Ash (Mark X) 0.25 m Ebert grating 
monochromator (1200 grooves/mm, 0.5 mm slit widths). The distance 
between the exit slit of the monochromator and the sample was 0.10 m.
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After irradiation, the sample was degassed with dry argon for 10-15 
minutes and rapidly transferred to a degassed flat cell. The cell was 
placed in the EPR cavity and examined spectroscopically (dark). Next, 
the same sample was oxygenated for 10-15 minutes and then selectively 
irradiated at 365 nm for 5 minutes using the same equipment as 
described above. The rest of the procedure was then repeated. 
Photobleaching studies conducted at higher partial pressures of oxygen 
for these systems were performed with use of a high-pressure cell as 
described below.
High-pressure oxygen studies with the rhodopsin solutions were 
carried out in a high-pressure stainless steel cell (Figure 29) 
designed to fit into the sample compartment of the Cary 14 absorption 
spectrometer.^ The cell has three optical windows constructed from 
quartz plates (1 inch diameter x 0.25 inches thick) in a T-format so 
that both photolysis and absorption studies could be performed 
consecutively. All quartz windows were obtained from Heraeus Amersil 
Company, Sayreville, NJ. The light path was 0.5 inches in diameter. 
Delivery and release ot gas pressure were provided by two brass inlet 
fittings attached to the side of the cell. The sample solution was 
contained within a quartz cuvette so that no contact with the metal 
could occur. A standard rectangular (10 mm optical pathlength) 
fluorescence cuvette (Fisher Scientific Company) was mounted at the 
center of the cell with contact cement. Agitation of the solution was 
accomplished with the aid of a round magnetic stirrer (Fisher 
Scientific Company), also fitted within the spectrophotometer, and a 
cylindrical, Teflon-coated magnetic stirring bar (Sargent-Welch
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Figure 29: High-pressure stainless steel cell.
C*"v •'
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Scientific Company) designed specifically to fit into standard (10 mm 
light path) absorption cells. The high-pressure cell was charged to 
various partial pressures of oxygen with use of a Matheson oxygen 
regulator (0-2000 psi scale, 50 psi divisions). Approximately 
30 minutes was required to equilibrate the solution with a given gas 
pressure. During all high-pressure experiments, three safety shields 
(hemi-circular) were positioned about the entire cell housing.
In a typical photobleaching experiment at room temperature,
3.0 mL of a 2% emulphogene solution (phosphate-buffered) of bovine
rhodopsin was added to the quartz cuvette contained in the high-
pressure cell. Hydroxylamine hydrochloride was added to yield a final
-3concentration of 3 x 10 M. The top of the stainless steel cell was 
tightly secured, and the cell was placed inside the sample chamber of 
the spectrophotometer, equipped with a slide window specifically 
designed for photolysis experiments. The UV lamp (Schoeffel 200-W 
Xe/Hg) and monochromator (Bausch and Lomb) (500 nm setting, 6 mm slit 
widths) were positioned so that the exit slit of the monochromator 
fitted exactly flush with the slide window of the spectrophotometer 
sample chamber. Also, the lamp lens was positioned flush with the 
entrance slit of the monochromator. A black felt cloth, covering the 
lamp and monochromator was used to remove all stray light resulting 
from the lamp. The lamp was allowed to warm up at least 15 minutes 
before beginning the irradiations. Also, the solution was allowed to 
stir for 30 minutes at atmospheric pressure before beginning. It was 
critically important that the cell, UV lamp, and monochromator stayed 
positioned exactly the same throughout the complete bleaching
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experiment in order to obtain the best results. Before proceeding in 
the photolysis of rhodopsin, the absorption spectrum was recorded from 
600-300 nm. Afterwards, with the aid of a stopwatch (Sportex), the 
protein was irradiated for a period of time, allowed to equilibrate 
for 10 minutes, and then analyzed spectrophotometrically by scanning 
from 600-300 nm. Spectra were scanned at 0.5 nm/s. This was 
continued until the protein was considered completely bleached or 
until no obvious changes in bleaching versus irradiation time were 
shown. The same experimental set-up was applied to those experiments 
involving high pressures of oxygen. While the protein solution was 
being stirred, the cell was charged with the appropriate partial 
pressure of oxygen and allowed to equilibrate.
I
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PREPARATION OF RETINAL ROD OUTER SEGMENTS
The isolation of the rod outer segment (ROS) membranes from 
bovine retinas was performed on both fresh and commercially frozen 
retinas by an established p r o c e d u r e . T h e  procedural difference in 
the isolation technique of the two involved only a change in the 
concentration of the initial homogenizing medium. One modification 
from the original procedure was employed in the isolation technique.
A 1.17 g/mL sucrose solution was used as the heaviest density 
gradient in the process in lieu of the 1.10 g/mL solution from the 
original procedure.^
The preparation was performed in a darkroom at room temperature 
under dim red light from two standard flashlights equipped with red 
lens filters (Corning CS 2-59, cut-off <620 nm). All stock solutions 
were prepared the day before use and were stored at 6°C (dark). All 
tubes, glassware, and solutions, including all ROS solutions, required 
during the time of isolation were chilled in ice. A standard triple­
beam balance was used to balance all centrifuge tubes containing 
solutions against their opposite counterparts before placement into 
the rotor (Sorvall SA-600 angle rotor) used for routine 
centrifugations. All centrifugations were performed at A°C.
The required solutions and their preparation methods are given 
below. The 1.0 M Tris-acetate solution was prepared by using TRIS and 
adjusting the pH with glacial acetic acid.
363
Stock Solutions
42% sucrose (1.465 M) (210 g/500 g solution)
1.0 M Tris-acetate, pH 7.4 (10.0 mL)
1.0 M NaCl (50.0 mL)
0.10 M MgCl2 (10.0 mL)
Homogenizing Medium (200 mL solution)
Fresh Retinas (35% w/w) Frozen Retinas (30% w/w) 
42% sucrose 191 g (1.18 M) 162 g (1,00 M)
1.0 M Tris-
acetate 1.0 mL (5 mM) 1.0 mL (5 mM)
1.0 M NaCl 13 mL (65 mM) 13 mL (65 mM)
0.10 M MgCl. 0.4 mL (0.2 mM) 0.4 mL (0.2 mM)
Add water to: 230 g 226 g
Diluting Buffer
10 mM Tris-acetate, pH 7.4 (250 mL)
Density Gradient Solutions (50 mL solutions)
Density (g/mL) 1.11 1.13 1.15 1.17
(0.84 M) (1.00 M) (1.15 M) (1.31 M)
42% sucrose (g) 34.2 40.7 46.5 52.9
Added 0.05 mL each of 1.0 M Tris-acetate and 0.10 M MgC^ and diluted 
with water to total weight.
Total weight (g) 55.5 56.5 57.5 58.5
All solutions were stirred thoroughly before cooling.
Verification of the accuracies of the sucrose gradient solutions
was confirmed by index of' refraction (n) measurements using a Bausch
9
and Lomb refractometer at 20°C (reference: benzene = 1.5011).
Concentration
Density M % n (literature at 20°C) n (measured at 20°C)
1.11 0.84 26 1.3740 1.3742
1.13 1.00 30 1.3811 1.3818
1.15 1.14 34 1.3883 1.3886
1.17 1.31 38 1.3958 1.3965
The fresh cattle eyes (24), collected at a local slaughterhousi
were removed as fast as possible from the head of the animal after 
death and stored on ice in a light-tight container. The isolation 
process began less than 3 hours after decapitation. Trimming of the 
fat and muscle tissue surrounding each eye was performed in the 
laboratory with scissors before the incisions. With the use of a 
scalpel, an equatorial cut was made through the sclera. Upon tilting 
the eye, the anterior portion, including the vitreous humor, was 
removed by gravity from the posterior segment. Care was demonstrated
in ensuring that the retina remained in place during the tilting. The 
retina was carefully dissected from the retinal pigment epithelium of 
the posterior eye cup by teasing it loose with blunt, suture-tying 
forceps. The retinas were collected in the cold homogenizing medium 
(25 mL in a polyethylene centrifuge tube, approximately 1 mL of the 
homogenizing medium per retina) and carefully mixed. The mixture was 
divided in half and each was homogenized (turning by hand) for about 
5 minutes with a loose-fitting, glass tissue grinder (Pyrex, 40 mL 
capacity). This procedure sheared off most of the ROS membranes at 
the junction of the inner and outer segments. The homogenates were 
decanted into cold centrifuge tubes and spun at 4000 rpm (4K) for 
4 minutes (4') (abbreviated 4K4'). A Sorvall RC-5B Refrigerated 
Superspeed Centrifuge was used for all routine centrifugations. This 
process partially separated the ROS membranes from the remainder of 
the retina. The resulting supernatants were decanted into a graduated 
cylinder and the remaining pellets were re-homogenized (as above) and 
sedimented at 4K4'. This released additional ROS membranes through 
the gentle shearing forces of the homogenization. The supernatants 
were combined with the first supernatants and the pellets were 
discarded. To the combined supernatants, contained in a 250-mL 
Erlenmeyer flask, was added slowly 100 mL (2 volumes) of the cold 
Tris-acetate diluting buffer in small portions while the suspension 
was swirled. This reduced the sucrose concentration while avoiding 
rapid osmotic shock of the membranes. From this mixture the crude ROS 
membranes were pelleted at 4K4' (30 mL tubes used) and the 
supernatants were discarded (no second spin was performed on the
supernatants). The pellets were carefully combined in a 25-mL 
Erlenmeyer flask using a total of about 15 mL of the 1.11 g/mL sucrose 
solution. The suspension of the membranes was gently shaken and 
repeatedly drawn up and ejected against the walls of the flask with a 
10-mL sterile plastic syringe equipped with a number 22 gauge 
(1.5 inch) needle. Foaming was avoided. These steps sheared the 
crude ROS membranes into small fragments. Additional 1.11 g/mL 
sucrose solution was added to attain exactly 18 mL of solution. To 
each of 6 dried, pre-cooled ultracentrifuge tubes (12 mL capacity), 
which were associated with a swinging bucket rotor (Beckman SW-27 
rotor), were added the sucrose density solutions. This was performed 
by adding 3.0 mL of the 1.17 g/mL sucrose solution to each tube. With 
the use of a 10-mL syringe and a number 22 gauge (1.5 inch) needle, 
the 3 mL of the 1.17 g/mL sucrose was overlaid very carefully with
3.0 mL of 1.15 g/mL sucrose, 3.0 mL of 1.13 g/mL sucrose, and finally 
with 3.0 mL of the 1.11 g/mL sucrose containing the crude ROS 
membranes. The 6 tubes were then balanced evenly with each other by 
adding 1.11 g/mL sucrose, if necessary. It was critically important 
that the tubes were not agitated during and after the gradient 
process. The caps were tightly screwed onto the tubes, and the tubes 
were placed into the bucket rotor. The membranes were separated at 
27K601 with an ultracentrifuge (Beckman L5-50B Ultracentrifuge). The 
purified ROS membranes (fluffy pink) divided into two bands at the 
1.11/1.13 g/mL interface (predominantly) and at the 1.13/1.15 g/mL 
interface. These layers were carefully removed with a syringe and 
needle (2.5 inch) and diluted with 30 mL of the dilute Tris-acetate
buffer. Two white bands appeared in each gradient: one above the 
1.11/1.13 g/mL interface and the other immediately below the 
1.13/1.15 g/mL interface. Each gradient also contained a pelleted 
material which was observed to be a mixture of tan and black 
particles that had sedimented to the bottom of the 1.17 g/mL cushion. 
The ROS solution was divided in half, and the membranes were 
sedimented upon centrifugation (15K501). The supernatants were 
discarded and to each of the remaining pellets (2) was added 10.0 mL 
of 2% emulphogene solution (phosphate-buffered). The solutions were 
stirred and allowed to set for 48 hours at 6°C (dark). Afterwards, 
the emulphogene mixtures were sedimented (4K10'); only a very small 
amount of material was left unsolubilized. The supernatants were 
combined, mixed thoroughly, and an absorption spectrum was obtained on 
a small aliquot (0.8 mL) using the Cary 14 instrument (600-300 nm 
scan, scan rate: 0.5 nm/s) (reference: phosphate-buffered 
2% emulphogene). Next, the same aliquot was fully bleached (see 
above) and the absorption spectrum was again recorded. From the 
difference in the absorbance of the unbleached and bleached rhodopsin 
solutions at approximately 500 nm, the rhodopsin concentration was 
calculated assuming an extinction coefficient of 40,000 M ^cm  ^ for 
rhodopsin. After isolation, the rhodopsin yield was calculated as 
0.24 pmole/24 retinas.
368
Absorbance of unbleached rhodopsin: 0.50 (498 nm)
Absorbance of bleached rhodopsin: 0.02 (498 nm)
Difference in absorbance: 0.48
A = ebc
c = A/eb = _________ 0.48___________  = 1.2 x 10"5 M
(40,000 M '’cm ^) (1.0 cm)
Amount of rhodopsin recovered:
(1.2 x 10-5 mol/*)(0.0200 *) = 2.4 x 10_7 mol 
2.4 x 10 7 mol = 0.24 pmol per 24 retinas
The emulphogene-solubilized ROS solution was stored over argon at 
-30°C in foil-wrapped vials.
With the frozen bovine retinas (50, stored at -70°C before 
isolation), thawing of the retinas by immersion of the vial in room 
temperature water was necessary before proceeding with the isolation 
procedures. Similarly, the rhodopsin yield was calculated as 
0.25 pmol/50 retinas.
Absorbance of unbleached rhodopsin: 0.53 (497 nm)
Absorbance of bleached rhodopsin: 0.03 (497 nm)
Difference in absorbance: 0.50
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Lipid Peroxidation Assays
Purified bovine rod outer segment membranes (2% emulphogene- 
solubilized, phosphate-buffered) were assayed for lipid peroxidative 
material after the membranes had been fully bleached at 0.2 (air- 
saturated) and 50 atmospheres of oxygen. Two assay methods were 
employed: (1) thiobarbituric acid (TBA) method and (2) diene 
conjugation (DC) method.^
TBA Method
The TBA reagent was prepared by combining trichloroacetic acid 
(15 g) and thiobarbituric acid (0.375 g) and then diluting with 0.25 M 
HC1 to 100 mL. The solution was mildly heated (water bath) to achieve 
the dissolution of the TBA.
To 1.0 mL of the fully bleached rhodopsin solution was added with 
thorough mixing 2.0 mL of the TBA reagent at room temperature. The 
solution was heated for 15 minutes in a boiling water bath, cooled to 
room temperature, and the resultant flocculant precipitate was removed 
by centrifugation at 4°C (1K10'). The supernatant was transferred to 
a 3.0 mL absorption cuvette, and the absorbance of the sample was 
determined at 535 nm (Cary 14 instrument) against a blank that 
contained all the reagents (including the emulphogene and phosphate 
buffer) minus the rhodopsin. The malondialdehyde concentration of the 
sample was calculated using an extinction coefficient of
1.56 x 105 M_1cm_1.
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DC Method
To 1.0 mL of the fully bleached rhodopsin solution was added with 
thorough mixing 5.0 mL of chloroform/methanol (2:1 v/v) at room 
temperature. The solution was centrifuged at 4°C (1K5') to separate 
the phases and the upper layer was removed and discarded. The 
remaining chloroform layer (^3 mL) was transferred to a test tube and 
taken to dryness in a 45°C water bath under a stream of nitrogen. The 
lipid residue was dissolved in 1.5 mL of cyclohexane and transferred 
to a 3.0 mL absorption cuvette. The absorbance of the sample was 
determined at 233 nm (Cary 14 instrument) against a control blank that 
was devoid of rhodopsin. The approximate amount of conjugated
hydroperoxides produced was calculated assuming an extinction
4 -1 -1coefficient of 2.52 x 10 M cm
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SYNTHESIS
4-Methyl-4-nitropentanal
A magnetically stirred mixture (colorless) of freshly distilled 
acrolein (11.2 g, 0.200 mol), 2-nitropropane (17.8 g, 0.200 mol), and 
anhydrous cesium fluoride (3.0 g, 0.020 mol) in dry methanol (50 mL) 
was gently refluxed for 60 hours under nitrogen. The resulting 
solution was subsequently poured into cold H^O (50 mL) and the oily 
mixture was extracted with CH2C12 (4 x 50 mL) , dried (MgSO^) , and 
evaporated to yield a crude, viscous yellow oil (27.5 g). High-vacuum 
distillation (short-path) of the oil provided 4-methyl-4-nitropentanal 
as a light yellow oil (10.8 g, 37.2%) [bp: 67-77°C (0.1 mm)]. Higher 
boiling fractions (8 . 8 g total) were obtained during the distillation. 
Analyses were not performed on these fractions. Also, a moderate 
amount of charred residues appeared in the pot following distillation. 
The nitroaldehyde was further purified by re-distillation to give a
very light yellow oil (8.3 g, 29%) [bp: 63-66°C (0.1 mm); literature
bp: 88.3-89.5°C (3 mm) , 12 85-88°C (3 mm) , 13 58-60°C (0.1 mm)14].
^-NMR: (60MHz, CDC13) 9.74 (s, C-H aldehydic, 1H), 2.74-2.04
(m, CH2-CH2), 4H), 1.60 (s, gem-di-CH3> 6H).
1R: (neat) 3080 (s), 3020 (s), 2920 (s, C-H aliphatic), 2810
(s, C-H aldehydic), 1730 (s, C=0), 1510 (s, N02), 1450 (s, CH3
and CH2), 1350 (s, N02), 1130 (s), 1060 (s), 840 (s).
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5-Nitro-2-pentanone 
Method A
Freshly distilled nitromethane (159 g, 2.60 mol) in dry ether 
(100 mL) was added dropwise to a cold, magnetically stirred solution 
of sodium methoxide in methanol under a nitrogen atmosphere. The 
addition required one hour while maintaining a reaction temperature 
of -10 to -15°C. The colorless, sodium methoxide solution was 
prepared fresh by adding sodium metal (11 g, 0.48 mol) portionwise to 
cold, dry methanol (250 mL) under nitrogen.
After addition was complete, methyl vinyl ketone (40.1 g,
0.572 mol) in dry ether (100 mL) was added dropwise in 1.5 hours at 
the same temperatures. The yellow mixture was allowed to warm to room 
temperature (12 hours), cooled again (^0°C), and quenched with H^O 
(150 mL) (dropwise) followed by glacial HOAc (50 mL) (dropwise) to 
provide a clear, tea-colored mixture. The low-boiling components were 
removed by evaporation and the resulting reddish-brown oil was 
distributed between CHCl^ and 1^0 (300 mL each). The organic phase 
was removed, and the aqueous phase was extracted with CHCl^
(8 x 100 mL). This left a reddish-brown aqueous phase which was 
discarded. The combined organic phases (brown-colored) were dried 
(Na2S0^) and evaporated to give'a brownish-red oil (72.5 g).
High-vacuum distillation (short-path) of the crude oil provided 
5-nitro-2-pentanone as a light yellow oil (22.5 g, 30.1%) [bp: 73-85°C 
(0.1 mm)]. A very small amount of a brownish-red oil was obtained as 
forerun material. Also, additional higher-boiling components (12.5 g) 
were collected during the distillation. Approximately 25 g of a dark
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brown oil was left remaining in the pot following distillation.
Analyses were not performed on these fractions or residues. The 
nitroketone was further purified by re-distillation to give a 
colorless oil (20.8 g, 27.8%) [bp: 67-72°C (0.1 mm); literature bp: 
117-120°C (10 mm) , 12 85-95°C (0.1 mm)15].
1H-NMR: (100 MHz, CDC13) A.45 (t, CH2N02> J=6.5 Hz, 2H), 2.62
(t, CH2C=0, J=6 . 8 Hz, 2H), 2.25 (qn, CH2CH2C=0, J=6.3 Hz,
2H), 2.18 (s, CH3C=0, 3H).
IR: (neat) 3030 (s), 2950 (w, C-H aliphatic), 1710 (s, C=0), 1550
(s, N02), 1440 (s, CH3 and CH2), 1360 (s, CH3 or NOg), 1160 (s), 
940 (m), 860 (m), 740 (m).
Method B
A magnetically stirred mixture (colorless) of methyl vinyl ketone 
(18.3 g, 0.261 mol), excess nitromethane (159 g, 2.61 mol), and 
anhydrous cesium fluoride (4.0 g, 0.026 mol) in dry methanol (100 mL) 
was gently refluxed for 48 hours under nitrogen. Afterwards, the 
low-boiling components were removed by evaporation to leave an amber- 
colored oil (32.7 g) that was immediately dissolved in CHC13 (150 mL). 
The solution was subsequently washed with H20 (2 x 30 mL), dried 
(MgSO^), and evaporated to yield the crude product. High-vacuum 
distillation (short-path) of the crude oil provided 5-nitro-
2-pentanone as a very faint yellow oil (17.0 g, 49.7%) [bp: 78-83°C 
(0.15 mm)]. Additionally, a light yellow oil (2.2 g) was collected as 
a higher-boiling fraction (84-90°C) during distillation. Also,
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approximately 10 g of a dark reddish-brown oil was left remaining in 
the pot following distillation. Analyses were not performed on the 
higher-boiling fraction or residue material.
4,4-Dimethyl-5-nitro-2-pentanone
A magnetically stirred mixture (very light yellow) of mesityl 
oxide (101 g, 1.03 mol), excess nitromethane (609 g, 9.98 mol), and 
diethylamine (73.4 g, 1.00 mol) was gently refluxed for 3 days under 
nitrogen and then allowed to stir for 3 days at room temperature. 
Unreacted lower-boiling components (^550 mL of a light yellow liquid) 
were removed by vacuum distillation [bp: 24-65°C (^20 mm)]. The 
remaining dark brown oil (M75 mL) was dissolved in an equivalent 
amount of ether, washed with 10% HC1 (2 x 100 mL), and finally washed 
with saturated NaCl (2 x 100 mL). The ethereal solution was dried 
(Na2S0 )^ and evaportated to leave a heavy, dark brown oil. High- 
vacuum distillation of the crude material afforded 4,4-dimethyl-
5-nitro-2-pentanone as a light yellow oil (108 g, 65.9%) [bp: 91-114°C 
(0.1 mm)]. Approximately 10 mL of a greenish-yellow oil was obtained 
as forerun material (bp: 62-90°C). Also, about 5 mL of a higher- 
boiling, light yellow fraction was collected (bp: 115-130°C).
Analysis (^H-NMR) of the lower-boiling fraction revealed this material 
to be 4-N,N-diethylamino-4-methyl-2-pentanone (i.e., the 1,4-addition 
product from mesityl oxide and diethylamine). No analysis was 
performed for the higher-boiling fraction. The nitroketone was 
further purified by re-distillation to give a very light yellow oil 
(98.5 g, 60.0%) [bp: 100-107°C (0.1 mm); literature bp: 128-129°C
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(22 mm) , 16 112-113.5°C (14 mm)16].
^-NMR: (60 MHz, CDC13) 4.56 (s, CH2N02> 2H), 2.58 (s, CH2C=0, 2H),
2.15 (s, CH3C=0, 3H), 1.13 (s, gem-di-CH,,, 6H).
IR: (neat) 3060 (s), 2980 (s, C-H aliphatic), 1710 (s, C=0), 1570
(s, N02), 1470 and 1430 (s, CH3 and CH2), 1390 (s, CH3 or N O ^ ,
1160 (s), 960 (m), 890 (m), 720 (s).
2-(3-Methyl-3-nitrobutyl)-l,3-dioxolane
A colorless mixture of 4-methyl-4-nitropentanal (8.3 g,
0.057 mol), a slight excess of dry ethylene glycol (4.4 g, 0.071 mol), 
and a catalytic amount of 4-toluenesulfonic acid monohydrate (M).3 g) 
in dry benzene (100 mL) was gently refuxed under nitrogen using a 
Dean-Stark trap. The reaction proceeded for 2.5 hours whereupon
1.3 mL of water (theoretical amount = 1.0 mL) had been collected. The 
benzene solution was allowed to cool and the solvent evaporated to 
leave a light brown oil. Dichloromethane (150 mL) was added, the 
mixture was washed once with 0.1 M NaOH (50 mL), dried (Na2S0^), and 
finally evaporated to leave a light brown oil (10.6 g). High-vacuum 
distillation (short-path) of the crude material provided 2-(3-methyl-
3-nitrobutyl)-l,3-dioxolane as a faint yellow oil (9.6 g, 89%)
[bp: 73-75°C (0.1 mm); literature bp: 105°C (0.5 mm) , 17 102-105°C
1 O 1 O
(0.5 mm), 98-99°C (1 mm) ]. A small amount (0.9 g) of a colorless 
oil (presumed ethylene glycol) was collected as forerun material.
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Sl-NMR: (60 MHz, CDClg) 4.98 (t, acetal C-H, J=4 Hz, 1H), 4.18-3.88
(m, (CH20)2, 4H), 2.27-1.41 (m, CH2CH2> 4H), 1.58
(s, gem-di-CH^, 6H).
IR: (CHC13) 3040 (s); 2960 (s, C-H aliphatic); 1520 (s, N02>; 1460
(s, CH3 and CH£); 1400 (s, CH3); 1360 (s, N O ^ ; 1240 (s); 1130,
1050, 1020 (s, acetal); 930 (s); 870 (s); 840 (s).
2-Methyl-l-pyrroline-N-oxide
To a rapidly stirred (magnetic) solution of 5-nitro-2-pentanone 
(10.0 g, 0.0763 mol) and ammonium chloride (10.0 g, 0.187 mol) in 
ethanol/water (150 mL, 1:1 v/v) at 0°C was added activated zinc dust 
(20.0 g, 0.306 mol) over a 1.5 hour period. During the addition the 
temperature was maintained at 0-10°C. After addition the mixture was 
stirred for 3 hours and the temperature slowly raised from 0 to 20°C 
(the last hour at room temperature), suction filtered to remove the 
zinc salts and any unreacted zinc. The filter cake was washed with 
warm EtOH (4 x 25 mL) to remove any occluded product. The combined 
filtrate and washings (yellow) were evaporated to '''lOO mL. Extraction 
of the aqueous solution with CHC13 (5 x 75 mL) followed by drying 
(Na2S0^) and evaporation afforded 2-methyl-l-pyrroline-N-oxide as a 
crude, light amber oil (7.1 g, 93%). It was noted that a non- 
extractable yellow material remained in the aqueous phase. Analysis 
of the crude nitrone by ^H-NMR revealed it to be of sufficient purity 
for the subsequent reaction. A portion (3.0 g) of the oil was 
distilled (short-path) under high-vacuum conditions to yield the 
purified nitrone as a light yellow, hygroscopic oil (1.6 g, 50%)
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[bp: 65-70°C (0.1 mm); literature bp: 79-80°C (0.23 mm),1  ^71-72°C 
(0.4 mm) , 20 66°C (0.1 mm)15].
^-NMR: (100 MHz, CDC13) 4.23-3.83 (m, 6-CH2> 2H), 2.94-2.57
(m, 8-CH2, 2H), 2.44-1.80 (m, «~CH3 and Y-CH2, 5H).
IR: (neat) 3000 (vs, C-H aliphatic), 1600 (vs, C=N), 1540 (m), 1440 
(s, CH3 and CH2), 1240 (s, N-O), 1160 (s), 1060 (s), 1020 (m),
920 (m), (860 (m), 720 (m).
2,4,4-Trimethyl-1-pyrroline-N-oxlde
To a rapidly stirred (magnetic) solution of 4,4-dimethyl-5-nitro- 
2-pentanone (33.0 g, 0.207 mol) and ammonium chloride (9.0 g,
0.17 mol) in water (250 mol) at 0°C was added activated zinc dust 
(45 g, 0.69 mol) over a 2 hour period. During the addition the 
temperature was maintained at 0-10°C. After addition the mixture was 
stirred for 3 hours and the temperature slowly raised from 0-20°C (the 
last hour at room temperature), suction filtered to remove the zinc 
salts and any unreacted zinc. The filter cake was washed with warm 
H20 (4 x 50 mL) to remove any occluded product. The combined filtrate 
and washings (yellow) were evaporated (<60°C) to leave a thick, yellow 
oil. The oil was taken up in CHC13 (150 mL), dried (Na2S0^), and 
evaporated to give 2,4,4-trimethyl-l-pyrroline-N-oxide as a crude 
yellow oil (23.6 g, 89.7%). Analysis of the crude nitrone by ^-NMR 
revealed it to be of sufficient purity for subsequent reactions. A 
portion (10.0 g) of the oil was distilled (short-path) under high- 
vacuum conditions to yield the purified nitrone as a colorless,
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hygroscopic oil (7.1 g, 63%) [bp: 90-95°C (0.1 mm); literature bp:
75°C (0.3 mm) , 21 72°C (0.4 mm)22,23].
^-NMR: (100 MHz, CDC13) 3.85-3.61 (m, 6-CH2» 2H), 2.60-2.42
(m, 8-CH2, 2H), 2.14-1.94 (m, a-CH3, 3H), 1.21 
(s, y-gem-di-CHj, 6H).
IR: (neat) 3000 and 2930 (s, C-H aliphatic), 1590 (s, C=N), 1420
(s, CH3 and CH2), 1370 (m, CH3), 1220 (s, N-0), 1160 (s),
, 920 (m).
2-Methyl-2-nitropropane
To a mechanically stirred mixture of potassium permanganate 
(650 g, 4.11 mol) and 3 liters of water was added tert-butylamine 
(100 g, 1.37 mol) dropwise over the course of 1.5 hours. After 
addition, the mixture was warmed to 55°C and maintained at that 
temperature for 6 hours. The mixture was subsequently allowed to cool 
to room temperature and the product was isolated by direct steam 
distillation. Approximately 600 mL of distillate was collected at 
90-98°C (mostly 90-92°C) in an ice-cooled receiver. The nitro 
compound was extracted from the bulk aqueous distillate with ether 
(3 x 100 mL), the ether solution was washed once with 5% HC1 (100 mL) 
to remove any unreacted amine and other alkaline by-products, and then 
once with H20 (100 mL). The ether solution was dried (MgSO^) and 
evaporated to provide 2-methyl-2-nitropropane as a colorless oil which 
partially solidified at room temperature to a clear-white crystalline 
solid (120 g, 85.1%). Analysis of the steam-distilled product by
379
^H-NMR revealed It to be pure enough for further use. A portion 
(10.0 g) was distilled to provide the purified nitro compound as a 
colorless oil (9.6 g, 82%) (mp: ^25°C) [bp: 125-127°C (1 atm); 
literature bp: 127-128°C (1 atm) , 24-26 126-127°C (1 atm)27].
1H-NMR: (100 MHz, CDC13) 1.62 (s, t-BuH's).
IR: (neat) 3040 (vs), 2950 (s, C-H aliphatic), 1550 (vs, N03), 1490
and 1450 (vs, CH ), 1390 (m, CH ), 1340 (s, N02), 1240 (s, t-Bu), 
1170 (s), 1020 (m), 920 (m), 840 (s), 780 (s), 720 (m).
MS: m/e 104 (M++l, <0.1), 57 (t-Bu, 100), 41 ( C ^ ,  48),
39 (C3H3, 19).
N-tert-Butylhydroxylamine
To a vigorously stirred (magnetic) solution of 2-methyl-2-nitro- 
propane (26.0 g, 0.252 mol) and ammonium chloride (8 . 8 g, 0.16 mol) in 
water/ethanol (250 mL, 2.5:1 v/v) cooled to 10°C was added activated 
zinc dust (42.0 g, 0.642 mol) in small portions in the course of one 
hour. The reaction temperature was maintained at 10-20°C during the 
addition. The formation of a blue color in the mixture, attributed to 
the intermediate nitroso compound, was noted during the reaction's 
progression. At the completion of the addition, the mixture was 
allowed to stir for 3 hours at 10-20°C and then at room temperature 
overnight. The insoluble, unreacted zinc and its salts were removed 
by suction filtration and the filter cake was washed with warm ^ 0  
(3 x 50 mL). The combined filtrates (pH'V'9) were neutralized (pHM) 
with concentrated HC1 (M0 mL required) and the solution was again
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suction filtered to remove additional white zinc salts. The clear 
filtrate was evaporated to approximately 150 mL and the aqueous 
solution was repeatedly extracted with CHCl^ (600 mL). The CHCl^ 
solution was dried (Na2S04) and evaporated to yield N-tert-butyl- 
hydroxylamine as crude, white crystals (16.0 g, 71.1%) (mp: 55-58°C). 
Analysis of the crude material by ^H-NMR revealed it to be of 
sufficient purity for further use. A small portion (2.0 g) was 
recrystallized from pentane to provide clear-white crystals (1.8 g,
64%) (mp: 60-61°C; literature mp: 64-65°C,^ 64°C,^ 60-62°C^*^).
1H-NMR: (100 MHz, CDC13) 4.67 (br s, NHOH, 2H), 1.12
(s, t-BuH's, 9H).
IR: (CHC13) 3680 (m, NH); 3310 (br s, OH); 3030 (vs); 2980 (s, C-H
aliphatic); 1470, 1450, 1380, and 1360 (m, CH3); 1250 (m, N-0),
1230 (m, t^-Bu); 1060 (s); 980 (s); 940 (m); 910 (m); 850 (s);
730 (m).
MS: m/e 89 (M+, 13), 74 (M+-CH3> 100), 58 (C4H10 or M+-CH3NH2, 93),
57 (t-Bu, 61), 56 (C4Hg, 32), 42 (t^Hg, 14), 41 ( C ^ ,  38).
4-Dodecyloxybenzaldehyde
A magnetically stirred mixture of 4-hydroxybenzaldehyde (30.5 g, 
0.250 mol) and potassium hydroxide pellets (M35%) (21.8 g, 0.330 mol) 
in benzene/DMF (160 mL, 1:1 v/v) was gently refluxed at about 90°C 
under nitrogen using a Dean-Stark trap. It was noted that the mixture 
was initially reddish-purple in color but changed to a constant purple 
color after only a few minutes of heating. The reaction was continued
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for 2.5 hours at which point no additional water was generated (7.6 mL 
of water collected). Subsequently, the mixture was cooled to 15°C and
1-bromododecane (62.3 g, 0.250 mol) was introduced (neat) dropwise to 
the solution over a period of 20 minutes. No temperature change was 
observed during the addition. The resulting cloudy mixture was 
re-heated to reflux (^100°C) for 3.5 hours (noted that 9.4 mL of water 
collected, final volume). The light brown mixture was then stirred at 
room temperature for 8 hours, evaporated to remove the benzene, and 
distilled under mild vacuum (^20 mm) to remove the DMF. The remaining 
viscous, light brown oil (dark red layer on top) was taken up in 
CI^C^ (600 mL), dried (Na2S0 )^ , and evaporated to leave a dark red 
oil. The crude oil was rapidly distilled under high-vacuum to yield a 
yellow oil (68.2 g) [bp: 155-187°C (0.1 mm)]. Some forerun material 
was collected that solidified at room temperature (bp: 120-154°C). No 
analysis was performed on this lower-boiling fraction.
Re-distillation of the yellow oil yielded 4-dodecyloxybenzaldehyde as 
a light yellow oil that solidified to a wax upon cooling to room 
temperature (61.3 g, 84.4%) (mp: rv<250C) [bp: 164-167°C (0.1 mm); 
literature bp: 194°C (8 mm)^].
^-NMR: (60MHz, CDC13) 9.77 (s, C-H aldehydic, 1H), 7.76
(d, o-ArH’s, J=9 Hz, 2H), 6.92 (d, m-ArH's, J=9 Hz, 2H),
4.00 (t, 0CH2, J=6 Hz, 2H), 2.07-1.05 (m, ( C ^ ) ^ ,  26H),
0.88 (t, CH3, J=5 Hz, 3H).
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IR: (CHC1 ) 3030 (s, C-H aromatic), 2970 and 2950 (s, C-H aliphatic),
2810 (m, C-H aldehydic), 1700 (s, C=0), 1590 (vs, C-C aromatic), 
1500 (m, C-C aromatic), 1450 and 1420 (s, CH^ and CH^), 1380 
(m, CH3), 1310 (s), 1260 (s), 1150 (s), 1100 (s), 840 (s),
820 (s),
4-Formyl-N,N,N-trimethylanilinium Iodide
A very light yellow mixture of 4-N,N-dimethylaminobenzaldehyde 
(1.5 g, 0.010 mol) and excess methyl iodide (15.6 g, 0.110 mol) in dry 
methanol (150 mL) was magnetically stirred at room temperature under 
nitrogen for 7 days (a very cold condenser was required). Analysis of 
the mixture by TLC throughout the course of the reaction showed 
unreacted 3° amine (R^ = 0.81 for 3° amine and a non-eluting material 
for the 4° salt; solvent = 1:1 v/v CH2Cl2/Et0Ac). The yellow solution 
was evaporated to leave a crude, brownish-yellow solid (3.2 g) that 
was washed exhaustively with CH2CI2 to remove all 3° amine starting 
material and any other non-salt by-products. Air drying left
4-formyl-N,N,N-trimethylanilinium iodide as light beige crystals 
(1.8 g, 62% based on non-recovered 3° amine) (mp: 139-140°C, dec.).
No attempt was made to recover the unreacted 3° amine starting 
material.
1H-NMR: (100 MHz, D20) 10.06 (s, aldehydic H, 1H), 8.18 (s, o- or
m-ArH's, 2H), 8.13 (s, £  or m-ArH's, 2H), 3.74 (s, N(CH3)3>
9H).
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IR: (KBr) 3010 (m, C-H aromatic), 2930 (m, C-H aliphatic), 2710
(m, C-H aldehydic), 2480 (s), 1940 (m), 1920 (m), 1660 (s, C=0),
1440 and 1360 (m, CH^), 1080 (m) , 810 (m).
Chlorotriphenylmethane
To a magnetically stirred solution of triphenylmethyl alcohol 
(24.1 g, 0.0926 mol) in ether (350 mL) was added dropwise concentrated 
HC1 (50 mL) at room temperature in a course of 45 minutes.
Afterwards, the two-phase mixture was allowed to stir at room 
temperature for 2 hours. The light brown ether phase was separated 
and the tea-colored aqueous phase was extracted once with ether 
(50 mL). The combined organic phases were dried (Na2S0 )^ and 
evaporated to leave chlorotriphenylmethane as crude, hygroscopic 
light yellow-orange crystals with an irritating odor (24.2 g, 93.8%)
(mp: 97-101°C). Analysis of the crude product by ^H-NMR revealed it 
to be of sufficient purity for the subsequent reaction.
^-NMR: (100 MHz, CDC13) 7.28 (s, ArH's).
IR: (CCl^) 3130 and 3100 (m, C-H aromatic), 1480 (m, C-C aromatic),
1430 (s), 1170 (m), 1020 (m), 870 (m), 680 (vs, C-Cl).
N-Phenyl-N'-triphenylmethylhydrazine
To a magnetically stirred solution of freshly purified phenyl- 
hydrazine (11.0 g, 0.102 mol) in dry ether (100 mL) was added a 
solution of chlorotriphenylmethane (14.2 g, 0.0509 mol) in dry ether 
(100 mL) at room temperature under nitrogen. The mixture was then
heated to reflux for one hour, cooled to room temperature, and suction 
filtered. The filtered hydrochloride salt of phenylhydrazine was 
washed with ether (2 x 50 mL). The combined ether phases were 
evaporated to give a crude, light yellow-beige solid (12.1 g)
(mp: 120-130°C). Recrystallization once from benzene provided 
N-phenyl-N'-triphenylmethylhydrazine as a light yellow solid (7.4 g, 
41%) (mp: 130-134°C; literature mp: 134-135°C^).
^-NMR: (60MHz, CDC13) 7.47-6.94 (m, ArH's, 31H), 5.54
(s, NHNH, 2H).
IR: (CCl^) 3140 and 3100 (m, C-H aromatic), 1590 (m, C-C aromatic),
1480 (s, C-C aromatic), 1440 (m), 1240 (m, C-N), 1060 (m), 1010 
(s), 670 (vs).
Phenylazotriphenylmethane (PAT)
A briskly stirred (magnetic) mixture of N-phenyl-N1-triphenyl- 
methylhydrazine (6.0 g, 0.017 mol), an excess of 30% hydrogen peroxide 
(20 mL), 50 mL of saturated, aqueous sodium bicarbonate, and ether 
(100 mL) was allowed to react at room temperature for 5 hours. 
Thereafter, the ether phase (light yellow) was separated and the 
aqueous phase was washed once with ether (50 mL). The combined ether 
pha ses were dried (Na2S0 )^ and evaporated to give a crude, yellow 
solid (5.7 g) (mp: 98-100°C, dec.). The crude solid was 
recrystallized once from benzene/ligroin to give PAT as a bright 
yellow solid (4.2 g, 71%) (mp: 102°C, dec.; literature mp: 110-112°C,
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^-NMR: (60 MHz, CDC13) 7.95-6.87 (m, ArH's).
IR: (CHCl^) 3110 and 3080 (m, C-H aromatic), 1600 (m, C-C aromatic),
1480 (s, C-C aromatic), 1440 (s, N=N trans), 680 (s).
Phenyldiazonium Hexafluorophosphate (PDH)
To a magnetically stirred solution (light green) of freshly 
distilled aniline (2.0 g, 0.021 mol) and concentrated HC1 (10 mL) in 
water (30 mL), cooled to -10°C, was added an aqueous solution (10 mL) 
of sodium nitrite (2.9 g, 0.042 mol) dropwise in the course of
30 minutes. The temperature was maintained at -10 to 0°C during the 
addition. The resulting yellow-brown mixture was allowed to stir at 
0°C for 15 minutes. Subsequently, a pre-cooled aqueous solution 
(10 mL) of ammonium hexafluorophosphate (3.4 g, 0.021 mol) was added 
in one portion to the chilled diazotate mixture. Immediately, a 
voluminous amount of light yellow solid was evidenced. The solid was 
suction filtered, the filter cake washed exhaustively with Cl^C^, and 
air-dried to leave PDH as a white solid (5.0 g, 94%) (mp: 93-94°C, 
dec. with considerable shrinking).
^-NMR: (100 MHz, DMSO-dg) 8.97-8.42 (m, £-ArH’s, 2H), 8.42-7.39
(m, m- and £-ArH's, 3H).
IR: (KBr) 3180 (s, C-H aromatic), 2720 (m), 2310 (s, NEN), 1760 (m), 
1540 (m), 1500 (m, C-C aromatic), 1460 (m), 1010 (m), 810 (vs).
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2-Iodooctane
A light yellow mixture of 2-bromooctane (10.0 g, 0.0518 mol) and 
an excess of sodium iodide (23.2 g, 0.155 mol) in dry acetone (150 mL) 
was gently refluxed for 12 hours. Sodium bromide was removed (gravity 
filtration) from the resulting orange mixture and the salt was washed 
with acetone (50 mL). The combined acetone solutions were evaporated 
to leave a reddish-orange oil that was dissolved in CHCl^ (150 mL).
The CHCl^ solution was washed with 1^0 (2 x 50 mL), dried (Na2S0^), 
and evaporated to leave an orange-red oil that was immediately 
distilled from cadmium metal (to decompose iodine). The purification 
afforded 2-iodooctane as a very light yellow oil (7.4 g, 60%)
[bp: 94-98°C (^20 mm); literature bp: 95-96°C (16 mm)^].
(100 MHz, CDC13) 4.40-3.96 (m, CH-I, 1H), 1.92 (d, CH -CHI, 
J=7.0 Hz, 3H), 2.19-1.13 (br envelope, octyl CH2's, 10H),
0.89 (t, CH3-CH2, J=5.4 Hz, 3H).
IR: (neat) 3000 (vs, C-H aliphatic); 1450 (vs, CH3 and C ^ ) ; 1370
(s, CH3); 1250 (m); 1200, 1160, and 1130 (s); 1060, 980, 870, 
and 770 (m); 710 (s); 540 (s, C-I).
5,5-Dimethyl-l-pyrroline-N-oxide (DMPO)
Method A
To a rapidly stirred (magnetic) mixture of 2-(3-methyl-3-nitro- 
butyl)-l,3-dioxolane (21.3 g, 0.113 mol) and ammonium chloride (6.4 g, 
0.12 mol) in water (130 mL), cooled to 5°C, was added activated zinc 
dust (30.1 g, 0.460 mol) portionwise in a period of 2 hours. During
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the addition the temperature was maintained at 0-10°C. After addition 
the silver-white mixture was allowed to gradually warm to 20°C (one 
hour) while stirring and then refrigerated ('V6°C) for 24 hours. The 
zinc salts and unreacted zinc were suction filtered and the filter 
cake was washed with warm H^O (4 x 50 mL). The combined filtrate and
washings (light greenish-yellow, pHMJ) were acidified with
concentrated HC1 (25 mL) to a final pH of 1-2, left at room 
temperature for 24 hours, and heated to 70°C (water bath) for one 
hour. The clear solution was chilled and then made alkaline (pH^9) 
with 0.1 M NaOH to provide a light amber-colored solution.
Evaporation (<50°C) left a dark amber oil (with some salts) that was 
taken up in CHCl^ (200 mL) and washed with ^ 0  (2 x 25 mL). The CHCl^ 
solution was dried (MgSO^) and evaporated to yield a crude, dark amber 
oil (12.2 g). High-vacuum distillation (short-path) of the crude oil 
provided DMPO as a colorless, hygroscopic oil that solidified to 
clear-white crystals upon cooling (7.0 g, 55%) (mp: '\'25°C)
[bp: 45-49°C (0.1 mm); literature bp: 78°C (1.4 mm),^  66-67°C 
(0.6 mm),^ 64-66°C (0.6 mm),^ 53°C (0.1 mm)^]. A higher-boiling 
fraction was collected as a faint yellow oil (1.3 g) (bp: 50-76°C).
No analysis was performed on this fraction. Also, a significant 
amount of charred residue remained in the pot after distillation.
R^: 0.36 (acetone).
^-NMR: (100 MHz, CDCl^ 6.80 (t, nitronic H, J=2.5 Hz, 1H),
2.72-2.38 (m, 8-CH2, 2H), 2.15 (t, Y-CH2, J=7.3 Hz, 2H),
1.43 (s, 6-gem-di-CHj, 6H).
388
IR: (neat) 3040 (m, C-H nitronic); 2900 (s, C-H aliphatic); 1570
(s, C=N); 1450 (s, CH3 and CH2); 1380, 1360, and 1340 (tn, CH3);
1240 (s, N-0); 1140 (s); 1030 (s); 780 (s).
note: hygroscopic oil.
MS: m/e 113 (M+, 100), 98 (M+-CH3> 13), 94 (M+-H30, 11),
81 (M+-CH3NH3 or M+-CH30H, 42), 80 (M+-NH20H, 13),
71 (M+-C3H6, 11), 70 (M+-C3H7, 10), 69 (M+-C3Hg, 17),
68 (M+-CH3N0, 12), 67 (M+-CH3NH0, 34), 57 (C^g, 49),
56 (C4Hg, 30), 55 ( C ^ ,  66), 54 (C ^ N ,  10), 53 (C ^ N ,  18),
43 (C3H?, 37), 42 ( C ^ ,  20), 41 ( C ^ ,  68), 39 (C3H3, 35).
UV: 245 (4200) [hexane], 235 (9000) [EtOH], 226 (7800) [H20].
Literature value: 234 (7700) [95% EtOH]^2,35,36
Method B
A solution of 2-methyl-l-pyrroline-N-oxide (7.4 g, 0.075 mol; 
freshly dried by distillation with benzene, 30 mL) in dry ether 50 mL) 
was added dropwise to an excess of ethereal methylmagnesium bromide
(27.6 g, 0.232 mol) (80 mL of a 2.9 M ether solution) that was
magnetically stirred at room temperature under nitrogen. The addition 
was accomplished in one hour. The resulting light yellow solution was 
then heated to reflux for 30 minutes and was subsequently quenched at 
0UC with saturated, aqueous NH^Cl (120 mL) (dropwise addition). The 
ether phase (yellow) was removed and the aqueous phase was extracted 
with ether (10 x 50 mL). The combined ether phases were dried 
(Na^O^) and evaporated to leave a yellow oil (7.8 g). High-vacuum 
distillation (short-path) of the crude product afforded N-hydroxy-
389
2,2-dimethylpyrrolidine as a very light yellow oil (4.6 g, 54%)
[bp: 63-66°C (0.1 mm)].
1H-NMR: (100 MHz, CDC13) 6.30 (br s, OH, 1H), 3.09 (t, 6-CH2>
7.3 Hz, 2H), 1.98-1.45 (m, B-CH2 and Y-CH2, 4H), 1.09 
(s, a-gem-di-CH^, 6H).
The hydroxylamine (4.6 g, 0.040 mol) was solubilized in ethanol/water 
(60, mL, 2:1 v/v) at 0°C. A catalytic amount (few crystals) of cupric 
acetate and a sufficient amount of concentrated NH^OH ('V'l mL) (to 
solubilize the copper salt) were added to the hydroxylamine solution. 
Oxygen was introduced slowly (bubbled continuously) to the cold, light 
blue solution (magnetically stirred at 0°C) to give an immediate 
colorless solution. The oxidation proceeded until the characteristic 
blue color of the solution was restored (^45 minutes). Water (30 mL) 
was added and the mixture was extracted with CHCl^ (8 x 30 mL). The 
CHCl^ solution was then washed exhaustively with a saturated, aqueous 
EDTA solution to remove the copper salts, dried (MgSO^), and 
evaporated to give a light yellow-brown oil (3.8 g). High-vacuum 
distillation (short-path) of the crude oil provided DMPO as a 
colorless, hygroscopic oil that solidified to clear-white crystals 
upon cooling (2.8 g, 62%) [bp: 46-50°C (0.1 mm)].
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N-Hydroxy-2,2,4,4-tetramethylpyrrolidine
A solution of 2,4,4-trimethyl-l-pyrroline-N-oxide (6.5 g,
0.051 mol; freshly dried by distillation with benzene, 30 mL) in dry
ether (50 mL) was added dropwise to an excess of ethereal methyl-
magnesium bromide (20.8 g, 0.174 mol) (60 mL of a 2.9 M ether
solution) that was magnetically stirred at room temperature under
nitrogen. The addition was accomplished in one hour. The resulting
light yellow solution was then heated to reflux for 30 minutes and
was subsequently quenched at 0°C with saturated, aqueous NH^Cl
(100 mL) (dropwise addition). The ether phase (light yellow) was
removed and the aqueous phase was extracted with ether (10 x 50 mL).
The combined ether phases were dried (Na^O^) and evaporated to leave
a yellow oil (6.4 g) which partially solidified upon cooling. High-
vacuum distillation (short-path) of the crude product afforded
N-hydroxy-2,2,4,4-tetramethylpyrrolidine as colorless crystals upon
cooling to room temperature (4.5 g, 62%) (mp: 52-58°C). A small
portion (1.0 g) was further purified by recrystallization once from
pentane to afford small, colorless needles (0.75 g, 47%) (mp: 60-62°C;
22
literature mp: 62°C ).
1H-NMR: (60MHz, CDC13) 6.33 (br s, OH, 1H), 2.94 (s, 6-CH2, 2H),
1.52 (s, B-CH2, 2H), 1.14 (s, a-gem-di-CH.,, 6H), 1.07 
(s, y-jjem-di-CH^, 6H).
IR: (CC14) 3220 (br s, OH), 2950 and 2870 (s, C-H aliphatic),
1470 and 1460 (m, CH3 and C H ^ , 1370 (s, CH3), 1180 (m), 1010 
(m) .
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3,3,5,5-Tetramethyl-l-pyrroline-N-oxide (TMPO)
To a magnetically stirred solution of N-hydroxy-2,2,4,4-tetra­
methylpyrrolidine (4.0 g, 0.028 mol) in ethanol/water (60 mL, 2:1 v/v) 
at 0°C was added a catalytic amount (few crystals) of cupric acetate 
and a sufficient amount of concentrated NH^OH (M mL) to solubilize 
the copper salt. To the initial blue-colored solution, oxygen was 
introduced slowly (bubbled continuously) to give an immediate 
colorless solution. The oxidation proceeded until the characteristic 
blue color of the solution was restored (^45 minutes). Water (30 mL) 
was added and the mixture was extracted with CHCl^ (8 x 30 mL). The 
CHCl^ solution was then washed exhaustively with a saturated, aqueous 
EDTA solution to remove the copper salts, dried (MgSO^), and 
evaporated to give a light yellow-brown oil (3.0 g). High-vacuum 
distillation (short-path) of the crude oil provided TMPO as a faint 
yellow oil which immediately solidified at room temperature (2. 2 g,
55%) [bp: 62-67“C (0.1 mm); literature bp: 73°C (1 mm)^]. The 
nitrone was further purified by recrystallization once from pentane to
yield small, white needles (1.9 g, 48%) (mp: 32-34°C, literature mp:
22
32-34“C )'
Rj.: 0.59 (acetone).
^-NMR: (100 MHz, CDC13) 6.65 (s, nitronic H, 1H), 2.03 (s, y-CH2,
2H), 1.48 (s, 6-gem-di-CHj, 6H), 1.24 (s, B-gem-di-CH3, 6H). 
IR: (CC14) 2960 (s, C-H aliphatic), 2860 (w, C-H aliphatic), 1570
(s, C=N), 1460 (m, CH3 and C H ^ , 1370 (m, CH3), 1260 (m, N-0),
1180 (s), 750 (m).
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MS: m/e 141 (M+, 53), 126 (M+-CH3> 54), 85 (M+-C4Hg, 33),
84 (M+-C4H9, 10), 69 (M+-C4H9NH, 49), 58 (C4H1(), 28),
57 (C4H9, 13), 56 (C4Hg, 18), 55 (C4H7> 100), 53 (C^N, 15),
43 (C3H?, 23), 42 (CgHg, 15), 41 (C3H5, 60), 39 ( C ^ ,  45).
UV: 246 (5000) [hexane], 236 (7800) [EtOH], 228 (10,000) [H20].
5-Heptyl-3,3,5-trimethyl-l-pyrroline-N-oxide (TMPO-C7)
To a rapidly stirred (magnetic) mixture of magnesium turnings 
(1.4 g, 0.058 mol) in dry ether (40 mL) was added a solution of 
1-bromoheptane (10.0 g, 0.0558 mol) in dry ether (50 mL) dropwise in 
30 minutes under nitrogen (note: the Grignard reaction had to be 
initiated by pouring a small amount of the effervescing, ethereal 
ethylene bromide/magnesium mixture into the reaction flask while 
heating; constant heating was required during the alkyl bromide 
addition). Immediately after the addition, 2,4,4-trimethyl-
1-pyrroline-N-oxide (6.5 g, 0.051 mol; freshly dried by distillation 
with benzene, 30 mL) in dry ether (50 mL) was added dropwise to the 
cloudy Grignard reagent in the course of 30 minutes. The temperature 
was maintained at 35-37°C during the addition. Afterwards, the 
resulting yellow mixture was let stir for 2 hours without heating and 
was then quenched at 0°C with saturated, aqueous NI^Cl (100 mL) 
(dropwise addition). The ether phase (yellow) was removed and the 
aqueous phase was extracted with ether (4 x 25 mL). The combined 
ether phases were dried (Na3S04) and evaporated to leave N-hydroxy-
2-heptyl-2,4,4-trimethylpyrrolidine as a crude amber oil (8.3 g, 72%). 
The crude hydroxylamine was not purified before proceeding to the next
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reaction step. A portion (5.0 g) of the crude oil was solubilized in 
ethanol/water (100 mL, 4:1 v/v) at 0°C. A catalytic amount (few 
crystals) of cupric acetate and a sufficient amount of concentrated 
NH^OH ( M  mL) (to solubilize the copper salt) were added to the 
hydroxylamine solution. To the magnetically stirred cold solution, 
oxygen was introduced slowly (bubbled continuously). The oxidation 
proceeded until the solution became distinctly greenish-olive colored 
(■^ 45 minutes). Thereafter, water (70 mL) was added and the mixture 
was extracted with CHCl^ (5 x 50 mL). The CHCl^ solution was washed 
exhaustively with a saturated, aqueous EDTA solution to remove the 
copper salts, dried (Na2S0^), and evaporated to leave a crude, dark 
olive-colored oil (4.4 g). High-vacuum distillation (short-path) of 
the crude oil afforded TMPO-C^ as a thick, light yellow oil (2.4 g,
35% from starting nitrone) [bp: 100-110°C >(0.1 mm), predominantly 
108-109°C]. Some colorless to light yellow oils (1.1 g) (bp: 50-99°C) 
were collected (in fractions) as forerun material, presumed to be 
mostly tetradecane as the major by-product (solidified when cooled to 
^6UC).
R^: 0.72 (acetone).
^-NMR: (100 MHz, CDC13) 6.65 (s, nitronic H, 1H), 2.08 (d, y-CH,
J=13 Hz, 1H), 1.84 (d, y-CH, J=13 Hz, 1H), ^2.00-1.00
(br envelope, B-gem-di-CH_ heptyl CH 's, and containing the
5 y L
singlet 6-CHg at 1.46, ^35H), 0.88 (t, heptyl CH^, J=5.6 Hz, 
3H).
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IR: (neat) 3060 (sh m, C-H nitronic), 2910 (s, C-H aliphatic), 1570
(s, C=N), 1460 (s, CH3 and CHg) , 1370 (s, CH3), 1270 (s, N-0) ,
1170 (s), 950 (m), 810 (m).
Note: hygroscopic oil.
MS: m/e 225 (M+, 3), 152 (13), 142 (34), 127 (32), 126 (10),
113 (11), 112 (100), 111 (11), 110 (23), 99 (60), 98 (18),
97 (10), 96 (16), 95 (11), 86 (15), 85 (68), 83 (17), 82 (11),
81 (46), 79 (13), 72 (13), 71 (37), 70 (19), 69 (29), 67 (16),
58 (11), 57 (60), 56 (21), 55 (64), 53 (16), 43 (58), 42 (17),
41 (67), 39 (22).
UV: 246 (10,000) [hexane], 236 (9000) [EtOH].
Elemental Analysis: Calculated for C^H^yNO (MW = 225.38):
C, 74.61; H, 12.08; N, 6.21%. Found: C, 73.74;
H, 12.40; N, 5.82%.
N-Hydroxy-2-hexadeeyl-2,4,4-trimethylpyrrolidine
To a rapidly stirred (magnetic) mixture of magnesium turnings 
(1.4 g, 0.058 mol) in dry ether (25 mL) was added a solution of 
1-bromohexadecane (13.8 g, 0.0452 mol) in dry ether (60 mL) dropwise 
in 30 minutes under nitrogen (note: the Grignard reaction had to be 
initiated by pouring a small amount of the effervescing, ethereal 
ethylene bromide/magnesium mixture into the reaction flask while 
heating; constant heating was required during the alkyl bromide 
addition). Immediately after the addition, 2,4,4-trimethyl- 
1-pyrroline-N-oxide (5.2 g, 0.041 mol; freshly dried by distillation 
with benzene, 30 mL) in dry ether (50 mL) was added dropwise to the
cloudy Grignard reagent in the course of 40 minutes. After the 
addition, the tan-colored mixture was gently refluxed for 30 minutes, 
allowed to stir for 2 hours without heating, and then quenched at 0°C 
with saturated, aqueous NH^Cl (100 mL) (dropwise addition). A white, 
crystalline material (0.3 g) was filtered, the ether phase (yellow) 
was removed, and the aqueous phase was extracted with ether 
(5 x 25 mL). The combined ether phases were dried (Na2S0 )^ and 
partially evaporated to afford a white solid that was filtered, dried, 
and saved. The remaining filtrate was evaporated to dryness to leave 
a yellow semi-solid material. The semi-solid was dissolved in hot 
acetone (175 mL) and left to cool for 24 hours at room temperature.
The solution was filtered to give a small amount of white, flaky 
crystals (0.3 g) (mp: 62-70°C), determined by ^H-NMR analysis to be 
dicetyl (the major by-product). Further cooling (^6°C) of the acetone 
solution for 2 days provided the hydroxylamine product as tiny, white 
crystals (2.8 g) (mp: 49-51°C). "More extreme cooling (-30°C) of the 
acetone solution gave tiny, off-white crystals (1.9 g) (mp: 37-41°C). 
Analysis of this solid by ^H-NMR showed it to be impure final nitrone 
product (i.e., the oxidation product of the hydroxylamine prepared 
here). The aforementioned white solid that was obtained initially 
during the evaporation was dissolved in hot acetone (175 mL) and left 
to cool for 24 hours at room temperature. This afforded additional 
dicetyl by-product (1.1 g) (mp: 68-70°C). Further cooling (^6°C) and 
partial concentration of the acetone solution for 2 days provided more 
hydroxylamine product (1.7 g) (mp: 50-52°C). Both crops of 
hydroxylamine crystals were combined and recrystallized from acetone
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to yield N-hydroxy-2-hexadecyl-2,4,4-trimethylpyrrolidine as tiny, 
white crystals (4.3 g, 30%) (mp: 52-54°C).
R^: 0.87 (acetone).
^-NMR: (100 MHz, CDC13) 2.94 (s, 6-CH2> 2H), 2.05-0.97 (br envelope,
hexadecyl CH^'s, a-CH^, 8-CH2> and containing the singlet 
y-gem-di-CHj at 1.07, 35H), 0.88 (t, hexadecyl CH^, J=5.5 Hz, 
3H).
IR: (CC14) 3250 (br m, OH), 2910 and 2840 (s, C-H aliphatic), 1470
(m, CH2), 1460 (m, CH3), 1370 (s, CH3), 1170 (w).
5-Hexadecy1-3,3,5-trimethyl-l-pyrroline-N-oxide (TMPO-C^)
To a magnetically stirred solution of N-hydroxv-2-hexadecyl-
2,4,4-trimethylpyrrolidine (2.5 g, 0.0071 mol) in benzene/ethanol/ 
water (70 mL, 2:4:1 v/v/v) at 0°C was added a catalytic amount (few 
crystals) of cupric acetate and a sufficient amount of concentrated 
NH^OH (M mL) to solubilize the copper salt. To the initial blue- 
colored solution, oxygen was introduced slowly (bubbled continuously) 
to give an immediate colorless solution. The oxidation proceeded 
until the characteristic blue color of the solution was restored 
(^45 minutes). Water (50 mL) was added and the mixture was extracted 
with CHC13 (5 x 25 mL). The CHC13 solution was then washed 
exhaustively with a saturated, aqueous EDTA solution to remove the 
copper salts, dried (Na^O^), and evaporated to leave a light yellow 
oil (2.0 g) that solidified to a waxy material upon cooling (^6°C). 
Recrystallization (3 times) from acetone/water yielded TMPO-C^ as a
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white solid (1.2 g, 48%) (mp: 50-55°C).
R,.: 0.72 (acetone).
— 1
1H-NMR: (100 MHz, CDCl^ 6.65 (s, nitronic H, 1H), 2.09 (d, y-CH,
J=14 Hz, 1H), 1.85 (d, y-CH, J=12 Hz, 1H), 1.86-1.00
(br envelope, (3-gem-di-CH^*s, hexadecyl CH2's, and containing
the singlet ^-CH^ at 1.46, 93H) , 0.88 (t, hexadecyl CH^,
J=5.5 Hz, 3H).
IR: (CC14) 2950 (sh s, C-H aliphatic), 2920 and 2840 (s, C-H
aliphatic), 1570 (m, C=N), 1470 (m, CH2), 1460 (m, CH3), 1370 
(w, CH3), 1270 (m, N-0), 1170 (m).
MS: m/e 352 (M++l, 12), 351 (M+, 20), 336 (12), 335 (23), 334 (82),
295 (36), 294 (29), 278 (42), 128 (15), 127 (85), 126 (17),
113 (12), 112 (100), 110 (18), 98 (29), 95 (12), 86 (26),
85 (12), 83 (13), 81 (13), 69 (31), 67 (14), 58 (10), 57 (26),
56 (14), 55 (58), 43 (57), 42 (11), 41 (54).
UV: 247 (9000) [hexane], 235 (8700) [EtOH].
Elemental Analysis: Calculated for C ^ H ^ N O  (MW = 351.62):
C, 78.57; H, 12.90; N, 3.98%. Found: C, 78.61;
H, 12.90; N, 3.34%.
General Procedure for the Preparation of a-Phenyl-N-tert-Butyl Nitrone 
(PBN) and Its Derivatives 
Method A
To a pre-cooled (5°C), briskly stirred (magnetic) mixture of the 
appropriate aldehyde (1 eq.), 2-methyl-2-nitropropane (2 eq.), and 
activated zinc dust (3 eq.) in 95% ethanol (300 mL) was added glacial
acetic acid (6 eq.) dropwise while maintaining a reaction temperature 
of 5-15°C. After the addition the light blue-green mixture was 
stirred for 2 hours at these reaction temperatures and stored in the 
refrigerator (^6“C) for 48 hours. The white zinc acetate auxiliary 
product and any unreacted zinc were removed from the sample by suction 
filtration, and the inorganic solids were rinsed once with ether 
(50 mL). The light blue-green ethanol solution was evaporated and the 
nitrone was taken up in ether (200 mL) and washed once with H^O 
(50 mL). The combined ether portions were dried (Na2S0 )^ and the 
solvent evaporated to leave the crude, solid nitrone. TLC and ^H-NMR 
analyses were used to determine the presence of starting aldehyde and 
final nitrone in the crude product. A single recrvstallization 
provided suitably pure nitrone (mp range <3°C). Detailed 
characterization of the product established the authenticity of each 
nitrone.
Method B
A magnetically stirred mixture of the appropriate aldehyde 
(1 eq.) and N-tert-butylhydroxylamine (1.25 eq.) in dry benzene 
(50 mL) was gently reluxed under nitrogen with use of a Dean-Stark 
trap until the theoretical amount or more of water had been 
collected. Analysis by TLC was used to determine the presence of 
starting aldehyde and final nitrone (if an authentic sample was 
available) in the crude product or during the reaction's progression. 
The light yellow solution was cooled to room temperature and 
evaporated to leave the crude, usually yellow-discolored, solid
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nitrone. Recrystallization (1-3 times) provided quite pure nitrone 
(mp range <3°C). Detailed characterization of the product established 
the authenticity of each nitrone.
q>N-Diphenyl Nitrone 
Method A
The starting alydehyde for the preparation of a,N-diphenyl 
nitrone was benzaldehyde (5.0 g, 0.047 mol), with nitrobenzene 
replacing 2-methyl-2-nitropropane. Work-up provided the nitrone as a 
crude, yellow-orange solid (10.2 g) (mp: 9Q-105UC). Analysis of the 
crude product by TLC and *H-NMR showed the absence of starting 
aldehyde but the presence of nitrobenzene. Recrystallization 
(4 times) from ethanol/water yielded small, light yellow needles 
(4.6 g, 49%) (mp: 106-108UC; literature mp: 114UC,36 113.5-114°C,37 
112-113°C,38 112°C39’40).
R^: 0.08 (1:1 v/v C^C^/cyclohexane) (benzaldehyde = 0.49,
nitrobenzene = 0.60).
1H-NMR: (100 MHz, CDC13) 8.68-8.07 (m, o-ArH's, 2H), 7.92
(s, nitronic H, 1H), 7.87-7.63 (m, m-ArH's, 2H), 7.63-6.85 
(m, ArH's, 6H).
IR: (CHClg) 3140 (m, C-H nitronic), 3060 (s, C-H aromatic), 1580
(m, C-C aromatic), 1540 (s, C=N), 1480 (m, C-C aromatic),
1450 (m), 1430 (m), 1390 (s), 1310 (m), 1280 (m), 1170 (s, N-0), 
1070 (s), 1050 (s), 1000 (m), 900 (m), 870 (m), 800 (m).
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MS: m/e 197 (M+, 40), 196 (M+-l, 43), 180 (M+-OH, 14), 168 (M+-CHO,
11), 105 (M+-C,HcNH, 22), 91 (M+-C,H_CHO, 100), 89 (M+-C,H1;NH0,
0 3 *  D 3 0 3
11), 77 (C6H5 , 40), 65 (C5H6, 10), 64 ( C ^ ,  11), 63 (C5H3, 10),
51 (C4H3, 19).
UV: 320 (43,000), 237 (28,000), 223 (sh, 21,000). [hexane]; 313
(26,000), 231 (14,000) [EtOH]. Literature value: 315 (14,000),
236 (9060), 227 (9850) [EtOH] . 35,36
g-Phenyl-N-tert-butyl Nitrone (PBN)
Method A
The starting aldehyde for the preparation of PBN was benzaldehyde 
(8.4 g, 0.079 mol). Work-up provided the nitrone as crude, clear- 
white crystals (12.0 g) (mp: 69-74°C). Analysis of the crude product 
by TLC and ^H-NMR showed the absence of starting aldehyde. 
Recrystallization once from pentane yielded small, clear-white needles
(11.0 g, 78.0%) (mp: 72-74°C; literature mp: 75-77°C, 41 75-76°C,42
43 44
74°C, 73.5-74.5°C ) .
Rf: 0.80 (1:1 v/v CH2Cl2/EtOAc) (aldehyde = 0.87).
^-NMR: (100 MHz, CDC13) 8.44-8.10 (m, o-ArH's, 2H), 7.55
(s, nitronic H, 1H), 7.51-7.14 (m, m- and jD-ArH's, 3H),
1.62 (s, t-BuH's, 9H).
IR: (CCl^) 3050 (w, C-H aromatic), 2970 (s, C-H aliphatic), 2920
(m, C-H aliphatic), 1570 (w, C-C aromatic), 1560 (m, C=N), 1480 
(m, C-C aromatic), 1450 (s, CH3), 1420 and 1410 (m, CH3), 1360 
(vs, CH3), 1200 (s, N-0) or 1140 (vs, N-0), 700 (vs).
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MS: m/e 177 (M+, 10), 121 (M+-C4Hg, 16), 89 (_t-BuNHOH or M+-t-BuNH0,
15), 77 (C6H5, 11), 57 (t-Bu, 100), 41 ( C ^ ,  27), 39 (C3H , 16). 
UV: 298 (6500), 236 (3600) [hexane]; 293 (19,000), 230 (sh, 7500),
224 (8500) [EtOH]; 287 (10,000), 226 (sh, 3800), 219 (4600)
[H^OJ. Literature value: 305 [hexane] ;4"* 298 (16,800)
4 6  4 5  4?
IMeCN]; 2 9 8  [ E t O H ] ; 2 9 5  ( 1 6 , 7 0 0 )  [ E t O H ] ;  2 9 3 . 5  ( 1 7 , 7 0 0 ) ,
224 (7240) [EtOH] ; 44 290 [H20 ] . 29 
Method B
The starting aldehyde for the preparation of PBN was benzaldehyde 
(1.0 g, 0.0094 mol). The mixture was refluxed for 16 hours (0.2 mL of 
water collected). Work-up provided the nitrone as a crude, light 
yellow solid (1.7 g) (mp: 63-72°C). Analysis of the crude product by 
TLC showed the absence of starting aldehyde. Recrystallization once 
from pentane yielded small, clear-white needles (1.2 g, 71%)
(mp: 73-74°C).
q-(4-Methylphenyl)-N-tert-butyl Nitrone (PBN-Me)
Method A
The starting aldehyde for the preparation of PBN-Me was 4-methyl- 
benzaldehyde (9.5 g, 0.079 mol). Work-up provided the nitrone as 
crude, very light greenish-yellow crystals (14.3 g) (mp: 58-69°C). 
Analysis of the crude product by TLC and ^H-NMR showed the absence of 
starting aldehyde. Recrystallization once from hexane yielded clear- 
white crystals (11.7 g, 77.0%) (mp: 70-72°C; literature mp:
68-70°C29).
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Rf: 0.29 (CH2C12) (aldehyde = 0.90).
1H-NMR: (100 MHz, CDC13), 8.19 (d, o-ArH's, J=8.3 Hz, 2H), 7.50
(s, nitronic H, 1H), 7.23 (d, m-ArH's, J=8.5 Hz, 2H), 2.38
(s, ArCH3, 3H), 1.61 (s, t-BuH's, 9H).
IR: (CCl^) 3100 (w, C-H nitronic), 3020 (sh m, C-H aromatic), 2970
(s, C-H aliphatic), 2920 (m, C-H aliphatic), 1620 (m, C-C 
aromatic), 1580 (m, C=N), 1490 (m, C-C aromatic), 1460 (m, CH3), 
1420 and 1370 (s, CH3), 1330 (m), 1260 (m, t-Bu), 1210 (s, t_-Bu), 
1190 or 1130 (s, N-0), 930 (m), 850 (s), 730 (m).
MS: m/e 191 (M+, 22), 135 (M^-C^Hg, 28), 92 (M+-t-BuNC0, 15), 77
(C6H5, 14), 57 (t-Bu, 100), 41 ( C ^ ,  32), 39 ( C ^ ,  13).
UV: 303 (30,000), 238 (11,000), 231 (11,000), 215 (sh, 14,000)
[hexane]; 297 (26,000), 233 (sh, 9400), 226 (10,000) [EtOH];
304 (sh, 22,000), 293 (31,000), 228 (sh, 12,000), 222 (14,000)
O Q
[H20]. Literature value: 294 [H20].
a-(2,4,6-Trimethylphenyl)-N-tert-butyl Nitrone (PBN-Me3)
Method B
A slight variation from the general procedure was necessary to 
ensure complete conversion of the aldehyde to the nitrone.
A magnetically stirred mixture of 2,4,6-trimethylbenzaldehyde 
(1.0 g, 0.0067 mol) and N-tert-butylhydroxylamine (0.60 g, 0.0067 mol) 
in dry benzene (50 mL) was heated to gentle reflux under nitrogen with 
use of a Dean-Stark trap. After 14 hours, TLC analysis of the mixture 
showed unreacted aldehyde. At this point an additional amount of the 
hydroxylamine (0.50 g, 0.0056 mol) was added in one portion and
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heating was continued for 12 more hours. Analysis of a small aliquot 
of the crude mixture by ^H-NMR indicated a 75% conversion to the 
nitrone after this period of heating. Subsequently, another portion 
of the hydroxylamine (0.50 g, 0.0056 mol) was added in one portion and 
heating was continued for 12 additional hours (noted that ''*0.1 mL of 
water had been collected). Analysis by TLC did not reveal any 
unreacted aldehyde after this stage of heating. Evaporation of the 
solution gave a slightly oily, crude yellow solid (1.6 g) after 
thorough drying in vacuo. Recrvstallization (3 times) of the crude 
product yielded PBN-Me^ as clear-white crystals (0.72 g, 48%)
(mp: 121-123°C).
Rf: 0.42 (CH2C12) (aldehyde = 0.92).
^-NMR: (100 MHz, CDC13) 7.68 (s, nitronic H, 1H), 6.86 (s, ArH's,
2H), 2.27 (s, £-CH3, 3H), 2.22 (s, o-CH^s 6H), 1.63
(s, J^-BuH's, 9H) .
IR: (CHC13) 3060 (s, C-H aromatic), 2940 (m, C-H aliphatic), 1610
(s, C-C aromatic), 1560 (s, C=N), 1480 (s, C-C aromatic or CH3),
1440 (s, CH3), 1390 (m, CH3), 1360 (s, CH3), 1240 (m, t-Bu), 1180
(m), 1150 or 1120 (s, N-0), 1020 (m), 840 (s).
MS: m/e 219 (M+ , 6), 204 (M+-CH3, 40), 148 (M+-t-BuN, 100), 146
(M+-C4Hn N, 31), 131 (M+-t-BuNH0, 19), 130 (M+-t^-BuNH0H, 13), 115
(M+-C6H2(CH3)2, 11), 91 (C?H7, 16), 57 (_t-Bu, 12).
UV: 272 (4400) [hexane]; 266 (14,000) [EtOH]; 259 (7300) [H20].
Elemental Analysis: Calculated for C ^ H ^ N O  (MW = 219.33): C, 76.67;
H, 9.65; N, 6.39%. Found: C, 76.73; H, 9.81;
N, 6.36%.
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g-(2-Methoxyphenyl)-N-tert-butyl Nitrone (2-PBN-OMe)
Method A
The starting aldehyde for the preparation of 2-PBN-OMe was 
2-methoxybenzaldehyde (6.0 g, 0.044 mol). Work-up provided the 
nitrone as crude, yellow-green crystals (8.7 g) (mp: 74-81°C).
Analysis of the crude product by TLC and ^H-NMR showed the absence of 
starting aldehyde. Recrystallization once from hexane yielded 
clear-white crystals (7.3 g, 80%) (mp: 82-84°C).
Rf: 0.69 (4:1 v/v CH2Cl2/EtOAc) (aldehyde = 0.90).
1H-NMR: (100 MHz, CDC1J 9.37 (d x d, o-ArH, J., =8.0 Hz, J__ = 1.8 Hz,
j 3D 30
1H), 8.06 (s, nitronic H, 1H), 7.48-6.82 (m, ArH's, 3H), 3.87 
(s, 0CH3, 3H), 1.62 (s, t-BuH’s, 9H).
IR: (CCl^) 3150 (w, C-H nitronic), 3050 (s, C-H aromatic), 2910
(m, C-H aliphatic), 1590 (s, C-C aromatic), 1550 (m, C=N), 1470
(vs, C-C aromatic), 1430 (s, CH^), 1400 and 1380 (m, CH^), 1350
(s, CH3), 1300 (s), 1280 (s), 1220 (vs, t-Bu), 1180 or 1150
(s, N-0), 1120 (s), 1100 (s), 1040 (s), 1020 (s), 890 (m).
MS: m/e 207 (M+, 27), 176 (M+-0CH,,, 27), 120 (C,HcC0NH, 50), 119  J O D
(C,HcNC0, 100), 91 (C,HcN, 28), 57 (t-Bu, 99), 41 (C0Hc, 18). 
b 5 b b —  J b
UV: 330 (19,000), 317 (21,000), 303 (18,000), 292 (sh, 15,000), 238
(sh, 9400), 233 (9700) [hexane]; 332 (sh, 17,000), 321 (19,000), 
297 (16,000), 286 (16,000), 227 (14,000) [EtOH]; 323 (9900), 281
(11,000), 223 (sh, 9700) [H20 ].
Elemental Analysis: Calculated for C^2H^N0 2 (MW = 207.27):
C, 69.54; H, 8.27; N, 6.76%. Found: C, 69.61;
H, 8.31; N, 6.74%.
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g-(4-Methoxyphenyl)-N-tert-butyl Nitrone (4-PBN-OMe)
Method A
The starting aldehyde for the preparation of 4-PBN-OMe was 
4-methoxybenzaldehyde (10.8 g, 0.0793 mol). Work-up provided the 
nitrone as crude, yellow-green crystals (14.9 g) (mp: 90-96°C).
Analysis of the crude product by TLC and ^H-NMR showed the absence of 
starting aldehyde. Recrystallization once from hexane yielded clear- 
white needles (13.0 g, 79.3%) (mp: 94-96°C; literature mp: 96-98°C, 
96.2-97.3°C,A7 88-92°CA8).
R^: 0.57 (4:1 v/v CH^Cl^/EtOAc) (aldehyde = 0.92).
^-NMR: (100 MHz, CDC13) 8.30 (d, £-ArH's, J=8.9 Hz, 2H), 7.47
(s, nitronic H, 1H), 6.93 (d, m-ArH’s, J=8.9 Hz, 2H), 3.84 
(s, 0CH3, 3H), 1.61 (s, £-BuH's, 9H).
IR: (CCl^) 3100 (w, C-H nitronic), 3000 (sh m, C-H aromatic), 2980
(s, C-H.aliphatic), 2940 (m, C-H aliphatic), 2840 (m, 0CH3), 1600 
(vs, C-C aromatic), 1560 (m, C=N), 1510 (s, C-C aromatic), 1470 
and 1450 (m, CH3), 1410 (m, CH3), 1360 (s, CH3), 1330 (m), 1310 
(m), 1260 (vs, £-Bu), 1200 (m, £-Bu), 1170 (vs, N-0) or 1130 
(s, N-0), 1120 (m), 1050 (s), 850 (s).
MS: m/e 207 (M+, 47), 151 ('M+-C4Hg, 100), 150 (M+-t-Bu, 18), 108
(M+-t-BuNC0, 40), 91 (C,HcN, 15), 77 (C,Hc, 21), 57 (t-Bu, 65),—  D D 0 J —
51 (C4H3, 11), 41 (C3H5, 25), 39 ( C ^ ,  13).
UV: 303 (13,000), 236 (sh, 4700), 211 (9500) [hexane]; 305 (21,000),
235 (sh, 6200), 228 (sh, 7400) [EtOH]; 301 (38,000), 225
29
(15,000) [^0]. Literature value: 310 [^0].
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g-(4-Dodecyloxyphenyl)-N-tert-butyl Nitrone (DoPBN)
Method A
The starting aldehyde for the preparation of DoPBN was 4-dodecvl-
oxybenzaldehyde (11.7 g, 0.0403 mol). Work-up provided the nitrone as
a crude, fluffy white solid (12.9 g) (mp: 54-62°C). Analysis of the
crude product by TLC and ^H-NMR showed the presence of a trace amount
of starting aldehyde. Recrystallization once from acetone/water
yielded tiny, fluffy white crystals (11.1 g, 76.0%) (mp: 62-64°C;
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literature mp: 60-62°C ).
Rf: 0.25 (CH2C12) (aldehyde = 0.81).
^-NMR: (100 MHz, CDC13) 8.27 (d, o-ArH's, J=8.9 Hz, 2H), 7.45
(s, nitronic H, 1H), 6.92 (d, m-ArH's, J=9.1 Hz, 2H), 3.99 
(t, 0CH2, J=6 .4 Hz, 2H), 1.60 (s, Jt-BuH's, 9H), 1.95-1.01 
(hr envelope, dodecyl CH^s, 27 H), 0.88 (t, dodecyl CH^,
J=5. 6 Hz, 3H).
IR: (CCl^) 3090 (w, C-H nitronic), 3060 (w, C-H aromatic), 2920
(vs, C-H aliphatic), 2850 (s, C-H aliphatic), 1610 (vs, C-C
aromatic), 1590 or 1570 (m, C=N), 1520 (s, C-C aromatic), 1480
(s, CH3 and C H ^ , 1420 and 1380 (s, CH3), 1350 (m, CH3), 1320
(m), 1270 (vs, _t-Bu), 1210 (s, t^-Bu), 1190 (vs, N-0) or 1150
(s, N-0), 1130 (s), 1050 (m), 860 (s).
MS: m/e 361 (M+, 16), 305 (M+-C4Hg, 20), 138 (HOC^CO^, 10), 137
(H0C,H.C0NH_, 68), 94 (C,Hc0H, 10), 57 (t-Bu, 100), 55 (C.H.,, 
o h /  o d —  H I
17), 43 (HNCO or C Hy, 27), 41 ( C ^ ,  42).
UV: 304 (40,000), 236 (sh, 8600), 215 (20,000) [hexane]; 305
(25,000), 234 (sh, 6000), 228 (sh, 7700) [EtOH].
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Method B
The starting aldehyde for the preparation of DoPBN was 4-dodecvl- 
oxybenzaldehyde (1.0 g, 0.0034 mol). The mixture was refiuxed for 
18 hours (0.1 mL of water collected). Work-up provided the nitrone as 
a crude, waxy (light yellowish-green) solid (1.6 g) (mp: 47-61°C). 
Analysis of the crude product by TLC showed the absence of starting 
aldehyde. Recrystallization once from acetone/water yielded tiny, 
fluffy white crystals (0.75 g, 63%) (mp: 62-64°C).
a-(4-Hydroxyphenyl)-N-tert-butyl Nitrone (PBN-OH)
Method B
The starting aldehyde for the preparation of PBN-OH was 
4-hydroxybenzaldehyde (1.0 g, 0.0082 mol). The mixture was refluxed 
for 10 hours (3.0 mL of water collected). It was noted that a large 
amount of insoluble, light tan solid was produced by the end of the 
reaction. Filtration and drying of the crude solid (1.5 g)
(mp: 203-206°C, dec.) followed by recrystallization once from acetone 
yielded PBN-OH as clear-white needles (1.1 g, 69%) (mp: 217-220°C,
/ o / i
dec.; literature mp: 228°C, 212-215°C ). The nitrone was found to
be insoluble in hexane, benzene, CCl^, CHCl^, C ^ C ^ ,  acetonitrile, 
and water. It was found to be soluble in ethanol, methanol, DMSO,
DMF, and partially soluble in acetone.
Rf: 0.29 (2:1 v/v CH2Cl2/Et0Ac) (aldehyde = 0.70).
1H-NMR: (100 MHz, DMSO-d,) 9.90 (br s, OH, 1H), 8.24 (d, o-ArH's,------  b —
J=8 . 8 Hz, 2H), 7.66 (s, nitronic H, 1H), 6.78 (d, m-ArH's,
J=8 . 8 Hz, 2H), 1.47 (s, t-BuH's, 9H).
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IR: (KBr) 2800 (br vs, OH, C-H nitronic and aromatic, and C-H
aliphatic), 1550 (s, C=N), 1470 (m, C-C aromatic), 1430 and 1340 
(m, CH3), 1290 (m), 1220 (s, t-Bu), 1150 (s, N-O), 1060 (s), 1040 
(s), 850 (m), 800 (m).
MS: m/e 193 (M+, 35), 137 (M+-C4Hg, 61), 136 (M+-t-Bu, 15), 94
(C,Hc0H, 32), 77 (C,Hc, 11), 57 (t-Bu, 100), 41 (C.H., 29), 39
O  D O  J —  3 3>
(C3H3, 12).
UV: 306 (26,000), 235 (sh, 6800), 228 (7800) [EtOH]; 299 (24,000),
225 (9800) [HO].
a-(3,5-Di-tert-butyl-4-hydroxyphenyl)-N-tert-butyl Nitrone (Bu^PBN-OH) 
Method B
The starting aldehyde for the preparation of Bu^PBN-OH was 
3,5-di-tert-butyl-4-hydroxybenzaldehyde (1.0 g, 0.0043 mol). The 
mixture was refluxed for 15 hours (0.1 mL of water collected).
Work-up provided the nitrone as crude, light yellow crystals (1.3 g)
(mp: 168-191°C, dec.). Analysis of the crude product by TLC and 
*H-NMR showed the presence of starting aldehyde. A portion (0.50 g, 
dissolved in a minimum amount of CHC13) was chromatographed (thick- 
laver) by eluting with CH2C12 to afford the nitrone as a white solid 
(0.33 g). Recrystallization once from hexane gave the pure nitrone as 
clear-white crystals (0.25 g, 50%) (mp: 213-214°C, dec.; literature 
mp: 200°C, dec.5^).
Rf: 0.18 (CH2C12) (aldehyde = 0.81).
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^-NMR; (100 MHz, CDC13) 8.22 (s, ArH's, 2H), 7.45 (s, nitronic H,
1H), 5.57 (s, OH, 1H), 1.61 (s, N-t-BuH's, 9H), 1.47 
(s, Ar-J^-BuH's, 18H).
IR: (CHCl^) 3740 (s, OH); 3050 (vs, C-H aromatic); 2940 (m, C-H
aliphatic); 1590 (m, C=N) ; 1430, 1390, and 1350 (s, CH3); 1310 
(s); 1230 (s, t-Bu); 1180, 1140, or 1110 (s, N-0); 860 (m);
710 (m).
MS: m/e 305 (M+, 1), 234 (M+-t-BuN, 21), 57 (t-Bu, 100), 41 ( C ^ ,
69), 39 (C3H3, 11).
g-(4-N',N’-Dimethylaminophenyl)-N-tert-butyl Nitrone (PBN-NMe )^
Method A
The starting aldehyde for the preparation of PBN-NMe2 was 
4-N,N-dimethylaminobenzaldehyde (4.0 g, 0.027 mol). Work-up provided 
a crude, pale yellow solid (5.1 g) (mp: 51-130°C). Analysis of the 
crude product by TLC and ^H-NMR showed contamination with starting 
aldehyde. Fractional recrystallization once from hexane yielded the 
nitrone as small, light yellow needles (3.8 g, 65%) (mp: 133-135°C) 
(unreacted aldehyde was not recovered). A second recrystallization 
from hexane afforded tiny white needles (3.5 g, 59%) (mp: 134-136°C).
Rf: 0.53 (1:1 v/v CH2Cl2/Et0Ac) (aldehyde = 0.81).
^-NMR: (100 MHz, CDC13) 8.22 (d, o-ArH's, J=9.0 Hz, 2H), 7.38
(s, nitronic H, 1H), 6.69 (d, m-ArH's, J=9.2 Hz, 2H), 3.02 
(s, N(CH3)2, 6H), 1.59 (s, t-BuH's, 9H).
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IR: (CHClg) 3180 (w, C-H nitronic), 3060 (vs, C-H aromatic), 2900
(m, C-H aliphatic), 1610 (vs, C-C aromatic), 1510 (s, C=N), 1480 
(m, C-C aromatic), 1440 and 1400 (s, CH^), 1360 (vs, CH^ or 
Ar-N), 1320 (m), 1230 (m, t-Bu or CH -N), 1170 or 1100 (vs, N-0), 
1060 (m), 940 (s), 900 (m), 820 (s).
MS: m/e 220 (M+, 71), 165 (M+-C4H?, 12), 164 (M+-C4Hg, 100), 163
(M+-_t-Bu, 34), 148 (M+-t-BuNH, 11), 147 (M+-t-BuNH2, 27), 145 
(M+-C3H7NH0H, 10), 132 (M+-t-BuNH0, 21), 121 (M+-t-BuNC0, 24),
120 (M+-_t-BuNHC0, 11), 119 (M+^t-BuC0NH2, 13), 118 (C^NCO, 21), 
117 (15), 108 (C,H.(NH„)0, 10), 91 (C,HcN, 16), 89 (t-BuNHOH,
O h  L L O j ~
17), 77 (C6H5, 13), 57 (t-Bu, 33), 42 ( C ^ ,  11), 41 (C3H5> 43),
39 (C3H3, 22).
UV: 345 (sh, 21,000), 331 (24,000), 268 (7000), 233 (7300) [hexane];
349 (55,000), 235 (11,000) [EtOH]; 349 (36,000), 239 (7600)
[h2o].
Elemental Analysis: Calculated for Cj^H^^O = 220.32): C, 70.87;
H, 9.15; N, 12.71%. Found: C, 70.89; H, 9.21;
N, 12.65%.
Method B (1)
The starting aldehyde for the preparation of PBN-NMe2 was 
4-N,N-dimethylaminobenzaldehyde (1.0 g, 0.0067 mol). The mixture was 
refluxed for 12 hours (0.2 mL of water collected). Work-up provided a 
crude, yellow-gold solid (1.5 g) (mp: 95-132°C). Analysis of the 
crude product by TLC showed the presence of starting aldehyde. 
Fractional recrystallization once from hexane yielded the nitrone as
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small, light yellow needles (0.87 g, 58%) (mp: 133-135°C) (unreacted 
aldehyde was not recovered).
Method B (2)
A slight variation from the general procedure was necessary to 
ensure complete conversion of the aldehyde to the nitrone.
A magetically stirred mixture of 4-N,N-dimethylaminobenzaldehyde 
(1.0 g, 0.0067 mol) and N-tert-butylhydroxylamine (0.60 g, 0.0067 mol) 
,in dry benzene (50 mL) was heated to gentle reflux under nitrogen with 
use of a Dean-Stark trap. The reaction was monitored by TLC and 
^H-NMR techniques. After 1 hour and 2.5 hours of refluxing, the 
presence of starting aldehyde was observed. A 67% conversion to 
nitrone was noted after 4 hours of reaction time and this rose to 76% 
after 16 hours. No additional change was observed after 24 hours. 
Consequently, an additional amount of N-tert-butylhydroxylamine 
(0.50 g, 0.0056 mol) was added to the mixture. Following 16 hours of 
gentle refluxing, TLC analysis revealed the absence of starting 
aldehyde. Work-up provided PBN-NMe2 as a crude, yellow solid (1.5 g) 
(mp: 107-135°C). Recrystallization twice from hexane yielded small, 
light yellow needles (0.67 g, 45%) (mp: 133-135°C).
q-(4-Bromophenyl)-N-tert-butyl Nitrone (PBN-Br)
Method A
The starting aldehyde for the preparation of PBN-Br was 4-bromo- 
benzaldehyde (5.7 g, 0.031 mol). Work-up provided the nitrone as a 
crude, very light green solid (slightly oily) (7.7 g) (mp: 44-85°C).
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Analysis of the crude product by TLC and *H-NMR showed the absence of 
starting aldehyde. Recrystallization once from hexane yielded small, 
clear-white needles (4.4 g, 56%) (mp: 61-62°C; literature mp:
61-62°C51).
R^: 0.53 (C^C^) (aldehyde = 0.87).
^-NMR: (100 MHz, CDC13) 8.18 (d, o-ArH’s, J=8.7 Hz, 2H), 7.54
(d, m-ArH's, J=8.4 Hz, 2H), 7.51 (s, nitronic H, 1H), 1.61 
(s, t-BuH's, 9H).
IR: (CCl^) 3030 (s, C-H aromatic), 2980 (w, C-H aliphatic), 1570
(m, C-C aromatic), 1530 (m, C=N), 1470 (s, C-C aromatic or CH^),
1440 (m, CH3), 1400 (s, CH ), 1380 (m, CH3), 1340 (s, CH3), 1170
(s, N-0) or 1120 (vs, N-0), 1050 (s), 980 (s), 810 (s).
MS: m/e 257 (M+ (81Br), 11), 255 (M+ (79Br), 12), 201 (M+ (81Br)-C4Hg,
10), 199 (M+(79Br)-C4Hg, 10), 89 (t-BuNHOH, 25), 63 ( C ^ ,  13),
57 (t-Bu, 100), 41 (C3H5, 21).
UV: 305 (49,000), 239 (14,000), 232 (14,000), 218 (20,000), 213
(20,000) [hexane]; 301 (16,000), 234 (4100), 228 (4300) [EtOH];
307 (sh, 8700), 296 (11,000), 230 (3700), 223 (3800) [HgO].
Method B
The starting aldehyde for the preparation of PBN-Br was 4-bromo- 
benzaldehyde (1.0 g, 0.0054 mol). The mixture was refluxed for 
8 hours (0.2 mL of water collected). Work-up provided the nitrone as 
a crude, faint yellow solid (1.3 g) (mp: 54-60°C). Analysis of the 
crude product by TLC showed the absence of starting aldehyde.
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Recrystallization once from hexane yielded clear-white crystals 
(0.89 g, 64%) (mp: 61-63°C).
a-(4-Nitrophenvl)-N-tert-butvl Nitrone (PBN-NO^)
Method B
The starting aldehvde for the preparation of PBN-N09 was 4-nitro- 
benzaldehvde (1.0 g, 0.0066 mol). The mixture was refluxed for 
8 hours (0.2 mL of water collected). Work-up provided the nitrone as 
a crude, bright yellow solid (1.5 g) (mp: 141-145°C). Analysis of the 
crude product by TLC showed the absence of starting aldehyde. 
Recrystallization once from hexane yielded small, bright yellow 
needles (1.2 g, 80%) (mp: 137-139°C; literature mp: 134-135°C^2).
Rf: 0.50 (CH2C12) (aldehvde = 0.90).
1H-NMR: (100 MHz, CDCl,^ ) 8.46 (d, o- or m-ArH's, J=9.1 Hz, 211), 8.25
(d, _o- or m-ArH's, J=9.3 Hz, 2H), 7.70 (s, nitronic H, 1H),
1.64 (s, Jt-BuH' s, 9H) .
IR: (CHClg) 3190 (w, C-H nitronic), 3060 (vs, C-H aromatic), 1590
(vs, C-C aromatic), 1540 (s, C=N), 1510 (s, NOj), 1470 (m, C-C 
aromatic or CH^), 1410 (s, CH^), 1340 (vs, N02>, 1240 (m, t-Bu), 
1170 or 1120 (s, N-0), 1100 (s), 900 (m), 850 (s), 820 (m).
MS: m/e 222 (M+, 38), 166 (M+-C4Hg, 22), 89 (t-BuNHOH, 14), 63 ( C ^ ,
19), 57 (_t-Bu, 100), 41 (C3H5, 26), 39 (CjH , 11).
UV: 366 (sh, 19,000), 351 (26,000), 251 (17,000), [hexane]; 345
(10,000), 250 (6900) [EtOH]; 330 (13,000), 249 (8400) [H20]. 
Literature value: 362 (15,800), 252 (11,400) [MeCN] . 42
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ct-(4-N',N',N'-Trimethylanilinium iodide)-N-tert-butyl Nitrone 
(PBN-NMe +I~)
Method A
The starting aldehyde for the preparation of PBN-NMe^ I was 
4-formyl-N,N,N-trimethylanilinium iodide (0.90 g, 0.0031 mol) and 
ethanol/water (100 mL, 1:1 v/v) as solvent. During work-up, 
evaporation of the mixture to approximately 15 mL provided a very 
light green liquid. The liquid upon cooling to ^6°C gave a solid 
white mass that was dissolved in hot, anhydrous ethanol (30 mL). 
Initial cooling to ^6°C overnight allowed the majority of the zinc 
acetate to precipitate from solution. Suction filtration of this 
solid followed by further cooling (-30°C) yielded additional solid 
(very light green) that was filtered and air-dried to give PBN-NMe3+I 
as very light yellow crystals (1.0 g). Analysis of the salt by ^H-NMR 
showed the prescence of acetate salt. Crystallization again from hot, 
anhydrous ethanol provided very light clear-yellow crystals (0.71 g) 
after cooling. Further purification by recrystallizing once from 
anhydrous methanol yielded the PBN salt as colorless crystals (0.65 g, 
60%) (mp: 164-167°C, dec.).
^-NMR: (100 MHz, D20) 8.51 (d, £- or m-ArH's, J=9.4 Hz, 2H), 8.13
(s, nitronic H, 1H), 7.97 (d, o_- or m-ArH's, J=9.4 Hz, 2H), 
3.71 (s, N(CH3)3, 9H), 1.62 (s, t-BuH's, 9H).
IR: (KBr) 3080 (br w, C-H nitronic and aromatic); 2690 (m); 1650
(w, C-C aromatic); 1570 (w, C=N); 1460, 1380, and 1360 (w, CH3); 
1290 (w); 1230 (w, t-Bu); 1180 (w, N-0); 1090 (m); 1040 (m); 930 
(m); 890 (m); 840 (m).
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MS: See MS for PBN-NMe2<
m/e 220 (M+-CH3I=M1+, 32), 165 (12), 164 (100), 163 (35), 148 
(14), 147 (34), 146 (M+-C3H7NHO, 10), 145 (16), 142 (CH I, 70),
141 (CH2I, 10), 133 (M^-t-BuNO, 10), 132 (27), 127 (I, 81), 121
(31), 120 (18), 119 (19), 118 (33), 117 (18)., 108 (15), 105 
(C6H4NCH3, 12), 92 (C6H4NH2, 11), 91 (28), 90 ( C ^ N ,  14), 89 
(30), 79 (C6H?, 10), 78 (CgHg, 10), 77 (27), 65 (C5H6> 17),
63 (C5H3, 18), 57 (56), 42 (20), 41 (48), 39 (24).
UV: 291 (17,000), 225 (20,000) [HgO].
Elemental Analysis: Calculated for C ^ H ^ N ^ I  (MW = 362.26):
C, 46.42; H, 6.40; N, 7.73; I, 35.03%. Found:
C, 46.46; H, 6.39; N, 7.59; I, 35.20%.
Method B '
The starting aldehyde for the preparation of PBN-NMe3+I was
4-formyl-N,N,N-trimethylanilinium iodide (0.99 g, 0.0034 mol) and
water (30 mL) as solvent. The mixture was heated for 6 hours under 
nitrogen (a cold condenser was used). The aqueous solution was 
evaporated to dryness and the resulting clear, greenish-yellow 
crystals were suction filtered and washed exhaustively with CH2C12 
to yield very light clear-yellow crystals (0.90 g). A single 
recrystallization from anhydrous methanol yielded the PBN salt as 
colorless crystals (0.82 g, 68%) (mp: 165-167°C, dec.).
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g-(4-N',N',N'-Trimethylanilinium chloride)-N-tert-butyl Nitrone 
(PBN-NMe3+Cl~)
Ion exchange (chloride for iodide) on PBN-NMe^I (0.74 g,
0.0020 mol) provided PBN-NMe^Cl as light yellow crystals (0.52 g) 
(mp: 151-152°C, dec.). A single recrystallization from MeOH/ether 
yielded the PBN salt as fluffy, clear-white needles (0.48 g, 89%)
(mp: 163-164°C, dec.).
1H-NMR: (100 MHz, D20) 8.50 (d, o- or m-ArH's, J=9.2 Hz, 2H), 8.14 ,
(s, nitronic H, 1H), 7.97 (d, o- or m-ArH's, J=9.4 Hz, 2H),
3.70 (s, N(CH3)3, 9H), 1.61 (s, _t-BuH's, 9H).
IR: (KBr) 3140 (w, C-H nitronic); 3040 (w, C-H aromatic); 1640
(m, C-C aromatic); 1540 (s, C=N); 1440, 1390, and 1340 (s, CH3);
1210 (m, t-Bu); 1170 (s, N-0) or 1100 (vs, N-0); 940 (m); 910
(s); 890 (m); 830 (vs); 810 (m).
MS: m/e 220 .(M+-CH0C1=M,+, 38), 165 (M/-C.H,, 10), 164 (M/-C.H-,—  j 1 1 4 /  1 4 o
100), 163 (M^-t-Bu, 27), 148 ^ +-_t-BuNH, 10), 147 (M1+-t-BuNH2, 
27), 121 (M1+-_t-BuNC0, 21), 120 (M^-^t-BuNHCO, 11), 118 (C^NCO, 
10), 57 U-Bu, 14), 50 (CH3C1(35C1), 16), 41 ( C ^ ,  10).
UV: 291 (15,000), 222 (6300) [H20].
Elemental Analysis: Calculated for C ^ H ^ N ^ C l  (MW = 270.81):
C, 62.09; H, 8.56; N, 10.34%. Found: C. 61.88;
H, 8.59; N, 10.30%.
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